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Organic semiconductors are a new key technology for large-area and flexible thin-film elec-
tronics. They are deposited as thin films (sub-nanometer to micrometer) on large-area sub-
strates. The technologically most advanced applications are organic light emitting diodes
(OLEDs) and organic photovoltaics (OPV). For the improvement of performance and effi-
ciency, correct modeling of the electronic processes in the devices is essential. Reliable char-
acterization and validation of the electronic properties of the materials is simultaneously re-
quired for the successful optimization of devices. Furthermore, understanding the relations
between material structures and their key characteristics opens the path for innovative material
and device design.
In this thesis, two material characterization methods are developed, respectively refined and
applied: a novel technique for measuring the charge carrier mobility µ and a way to determine
the ionization energy IE or the electron affinity EA of an organic semiconductor.
For the mobility measurements, a new evaluation approach for space-charge limited current
(SCLC) measurements in single carrier devices is developed. It is based on a layer thickness
variation of the material under investigation. In the “potential mapping” (POEM) approach,
the voltage as a function of the device thickness V (d) at a given current density is shown to
coincide with the spatial distribution of the electric potential V (x) in the thickest device. On
this basis, the mobility is directly obtained as function of the electric field F and the charge
carrier density n. The evaluation is model-free, i. e. a model for µ(F,n) to fit the measurement
data is not required, and the measurement is independent of a possible injection barrier or
potential drop at non-optimal contacts. The obtained µ(F,n) function describes the effective
average mobility of free and trapped charge carriers. This approach realistically describes
charge transport in energetically disordered materials, where a clear differentiation between
trapped and free charges is impossible or arbitrary.
The measurement of IE and EA is performed by characterizing solar cells at varying temper-
ature T . In suitably designed devices based on a bulk heterojunction (BHJ), the open-circuit
voltage VOC is a linear function of T with negative slope in the whole measured range down
to 180K. The extrapolation to temperature zero V0 = VOC(T → 0K) is confirmed to equal the
effective gap Eeffg , i. e. the difference between the EA of the acceptor and the IE of the donor.
The successive variation of different components of the devices and testing their influence on
V0 verifies the relation V0 = Eeffg . On this basis, the IE or EA of a material can be determined in
a BHJ with a material where the complementary value is known. The measurement is applied
to a number of material combinations, confirming, refining, and complementing previously
reported values from ultraviolet photo electron spectroscopy (UPS) and inverse photo electron
spectroscopy (IPES).
These measurements are applied to small molecule organic semiconductors, including mixed
layers. In blends of zinc-phthalocyanine (ZnPc) and C60, the hole mobility is found to be ther-
mally and field activated, as well as increasing with charge density. Varying the mixing ratio,
the hole mobility is found to increase with increasing ZnPc content, while the effective gap
stays unchanged. A number of further materials and material blends are characterized with
respect to hole and electron mobility and the effective gap, including highly diluted donor
blends, which have been little investigated before. In all materials, a pronounced field activa-
tion of the mobility is observed. The results enable an improved detailed description of the




Organische Halbleiter sind eine neue Schlüsseltechnologie für großflächige und flexible Dünn-
schichtelektronik. Sie werden als dünne Materialschichten (Sub-Nanometer bis Mikrometer)
auf großflächige Substrate aufgebracht. Die technologisch am weitesten fortgeschrittenen An-
wendungen sind organische Leuchtdioden (OLEDs) und organische Photovoltaik (OPV). Zur
weiteren Steigerung von Leistungsfähigkeit und Effizienz ist die genaue Modellierung elek-
tronischer Prozesse in den Bauteilen von grundlegender Bedeutung. Für die erfolgreiche Opti-
mierung von Bauteilen ist eine zuverlässige Charakterisierung und Validierung der elektroni-
schen Materialeigenschaften gleichermaßen erforderlich. Außerdem eröffnet das Verständnis
der Zusammenhänge zwischen Materialstruktur und -eigenschaften einen Weg für innovative
Material- und Bauteilentwicklung.
Im Rahmen dieser Dissertation werden zwei Methoden für die Materialcharakterisierung
entwickelt, verfeinert und angewandt: eine neuartige Methode zur Messung der Ladungsträ-
gerbeweglichkeit µ und eine Möglichkeit zur Bestimmung der Ionisierungsenergie IE oder der
Elektronenaffinität EA eines organischen Halbleiters.
Für die Beweglichkeitsmessungen wird eine neue Auswertungsmethode für raumladungs-
begrenzte Ströme (SCLC) in unipolaren Bauteilen entwickelt. Sie basiert auf einer Schichtdi-
ckenvariation des zu charakterisierenden Materials. In einem Ansatz zur räumlichen Abbildung
des elektrischen Potentials (“potential mapping”, POEM) wird gezeigt, dass das elektrische Po-
tential als Funktion der Schichtdicke V (d) bei einer gegebenen Stromdichte dem räumlichen
Verlauf des elektrischen Potentials V (x) im dicksten Bauteil entspricht. Daraus kann die Be-
weglichkeit als Funktion des elektrischen Felds F und der Ladungsträgerdichte n berechnet
werden. Die Auswertung ist modellfrei, d. h. ein Modell zum Angleichen der Messdaten ist für
die Berechnung von µ(F,n) nicht erforderlich. Die Messung ist außerdem unabhängig von ei-
ner möglichen Injektionsbarriere oder einer Potentialstufe an nicht-idealen Kontakten. Die ge-
messene Funktion µ(F,n) beschreibt die effektive durchschnittliche Beweglichkeit aller freien
und in Fallenzuständen gefangenen Ladungsträger. Dieser Zugang beschreibt den Ladungs-
transport in energetisch ungeordneten Materialien realistisch, wo eine klare Unterscheidung
zwischen freien und Fallenzuständen nicht möglich oder willkürlich ist.
Die Messung von IE und EA wird mithilfe temperaturabhängiger Messungen an Solarzellen
durchgeführt. In geeigneten Bauteilen mit einem Mischschicht-Heteroübergang (“bulk hetero-
junction” BHJ) ist die Leerlaufspannung VOC im gesamten Messbereich oberhalb 180K eine
linear fallende Funktion der Temperatur T . Es kann bestätigt werden, dass die Extrapolation
zum Temperaturnullpunkt V0 =VOC(T → 0K) mit der effektiven Energielücke Eeffg , d. h. der
Differenz zwischen EA des Akzeptor-Materials und IE des Donator-Materials, übereinstimmt.
Die systematische schrittweise Variation einzelner Bestandteile der Solarzellen und die Über-
prüfung des Einflusses auf V0 bestätigen die Beziehung V0 = Eeffg . Damit kann die IE oder EA
eines Materials bestimmt werden, indem man es in einem BHJ mit einem Material kombi-
niert, dessen komplementärer Wert bekannt ist. Messungen per Ultraviolett-Photoelektronen-
spektroskopie (UPS) und inverser Photoelektronenspektroskopie (IPES) werden damit bestä-
tigt, präzisiert und ergänzt.
Die beiden entwickelten Messmethoden werden auf organische Halbleiter aus kleinen Mo-
lekülen einschließlich Mischschichten angewandt. In Mischschichten aus Zink-Phthalocyanin
(ZnPc) und C60 wird eine Löcherbeweglichkeit gemessen, die sowohl thermisch als auch feld-
und ladungsträgerdichteaktiviert ist. Wenn das Mischverhältnis variiert wird, steigt die Löcher-
vi
beweglichkeit mit zunehmendem ZnPc-Anteil, während die effektive Energielücke unverän-
dert bleibt. Verschiedene weitere Materialien und Materialmischungen werden hinsichtlich
Löcher- und Elektronenbeweglichkeit sowie ihrer Energielücke charakterisiert, einschließlich
bisher wenig untersuchter hochverdünnter Donator-Systeme. In allen Materialien wird eine
deutliche Feldaktivierung der Beweglichkeit beobachtet. Die Ergebnisse ermöglichen eine ver-
besserte Beschreibung der detaillierten Funktionsweise organischer Solarzellen und unterstüt-
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Technically usable energy is one of the fundamental requirements of our
current society, with electricity playing a key role. A long-term sustainable
supply requires, on the one hand, sources whose exploitation does not im-
pair the stability and seamless functioning of our living environment. On the
other hand, the utilization and its residues should avoid any threat – may it
be openly visible or subtly immanent – to humans or the environment. As
negative side effects cannot always be completely avoided, saving energy is
another important path to reduce our ecologic footprint, complementing the
sustainable generation of energy.
Solar radiation is a source of energy which can be harvested with minimal impact on the
environment. It is sufficiently available [15] and the two major forms of required energy –
electricity and heat – can both be directly produced from sunlight. An established technology
for the former is the use of photovoltaic devices,[16] which are versatile and scalable for sta-
tionary as well as mobile applications. Solar cells and modules which are today commercially
available are made of inorganic semiconductors, with the largest market share by devices made
of crystalline silicon. These cells are rigid and fragile and need a strong mechanical encapsu-
lation. Thin film solar cells, in contrast, can be produced on flexible substrates.[17] They can
be light-weight and bendable, allowing for better integration into mobile applications as well
as buildings and other technical structures.
Organic semiconductors allow for the production of devices which combine the general
advantages of thin-film photovoltaics with a number of further beneficial properties includ-
ing potential low-cost production.[18; 19] They can also be fabricated with adjustable color
and transparency for applications where not only efficiency but also design is an important
factor.[20] Concerning availability and toxicity of the used materials, organic photovoltaics
have a number of advantages compared to other thin-film technologies. The used organic ma-
terials are based on carbon, which is abundantly available, and can be produced from renewable
sources. The rare element indium is still used in the transparent contact of many lab cells, but
for a large-scale production, suitable alternatives are available.[21–23] In contrast to several
other solar cell technologies, toxic elements are not required for organic photovoltaics. Some
organic molecules also have properties which might affect health or the environment, but their
toxicity originates from the molecular structure rather than the used elements and they can
usually be neutralized by chemical decomposition, e. g. combustion. The energy for the pro-
duction of organic solar cells is in a reasonable range, with an estimated energy pay-back time
of less than 1.5 years in central Europe.[24]∗
Beyond the application in photovoltaics, organic electronics are used for a wide range of
other applications, where organic light emitting diodes (OLEDs) are most prominent and ad-
∗ see also appendix A.1
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1. Introduction
vanced in technology.[13; 25–28] They are used in displays as well as for lighting. Displays
based on OLEDs provide high brilliance and contrast, and are substantially thinner, compared
to other display technologies. They are widely used in mobile phones and being currently
introduced for large-screen applications. For illumination, OLEDs provide a high-efficiency
technology with the potential to complement classic light emitting diodes for large-area light
sources. Along with the advantages of flexibility, tunable color, and the possibility to produce
reflective or transparent devices, they have the potential to become an important building block
increasing the efficiency of lighting and thus reducing the demand for electricity.
This list of beneficial properties of organic electronics is a strong motivation for the ongo-
ing development. Putting the focus back on photovoltaics, the key issues which need to be
solved are increase of efficiency, stabilization for long lifetime, and cost-efficient large-scale
production. The progress achieved in recent years is impressively fast, as shown for device
efficiency in Figure 1.1, where organic photovoltaics are represented by solid orange symbols
in the lower right corner. While the distance to highly efficient record values from inorganic
lab cells is still large, the comparison to state-of-the-art bulk modules is encouraging: Effi-
ciencies between 15% and 20% seem reachable. Taking the harvesting factor into account,
i. e. the improved efficiency of organic solar cells at realistic operating conditions like elevated
temperature or reduced light intensity, this range of performance might already be reached in
organic lab cells with a nominal efficiency of 12%.[29]
To further improve the device efficiency, both optimization of device design and the devel-
opment of high-performance materials are required. These advances will highly benefit from
an understanding of the physical processes on every level of detail. Identifying the factors
leading to high performance devices as well as their loss mechanisms opens a path to further
exploit the former and avoid the latter. On a macroscopic level, e. g. the influence of different
operation parameters like temperature and illumination intensity on the device performance
can be used to adapt devices for certain applications and optimize their harvesting factor for a
special application scenario.
On a microscopic level, the dynamics of charge carriers and excitons are the basis of device
understanding, with generation, transport, and recombination being the key processes. In this
thesis, the transport of charge carriers is addressed by a novel measurement approach, comple-
mented by the supervision of a Diplomarbeit on the transport of excitons [10], both including
temperature dependent measurements. These measurements are the basis for systematic in-
vestigations of the relationship between materials and their electronic properties, where the
chemical structure of the materials as well as the processing conditions can have an influence
on their performance. The comparison of different materials and varying material composi-
tions is addressed in this thesis, while the influence from processing conditions on transport
are investigated in the subsequent work for a supervised master thesis, which is currently in
preparation.[11]
Organic solar cells are characterized as a function of temperature and illumination inten-
sity. The influence of the transport processes on the device performance can be related to the
performance of the solar cell in terms of photo-current and fill factor. The photo-voltage, in
turn, is related to the energy levels of the photo-active materials. While at room temperature,
the dynamic generation and recombination processes dominate the voltage, the extrapolation
to zero temperature allows for a direct characterization of the energy levels of the materials.
With this measurement, yielding the frontier energy levels which define the energetic gap of an
organic semiconductor, the second key figure for transport description is obtained. Combining
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the measurements of transport properties and energy levels, they are the basis for the success-
ful description of complete organic electronic devices, e. g. by drift-diffusion simulations or
analytic calculations.[7; 31–34]
The temperature dependent characterizations presented in this work will furthermore help
to quantify the harvesting factor of organic solar cells in a certain application scenario. The
correct prediction of the harvesting factor is subject of another supervised master thesis, which
is currently in preparation.[12] It will enable the application-relevant comparison of different
organic and other solar cells and is essential for the design of specifically optimized devices.
In summary, this thesis introduces, improves, and applies experimental methods for the char-
acterization of organic semiconductors. The investigated properties are essential for the suc-
cessful understanding and further development of highly efficient devices. The investigations
focus on materials for organic photovoltaic applications, but the methods are also applicable
to other applications, e. g. OLEDs or organic transistors.
Outline of this thesis
In the first part of chapter 2, the basics of organic semiconductors are summarized: Organic
molecules with conjugated π systems as well as excitons and charge carriers on such molecules
and their transport. Consequently, common characterization methods are summarized and the
working principle of organic solar cells is discussed. Chapter 3 gives an overview over the
relevant technical details, describing the used materials and measurement setups including
their accuracies. In chapter 4, the numerical device simulation tools, which were developed
and used, are discussed.
The results of this thesis include the development and refinement of characterization meth-
ods as well as their application. They are split into two chapters addressing different types
of devices: In chapter 5, transport measurements in single carrier devices are discussed and
the concept of the “potential mapping” (POEM) approach is elaborated in theory and simula-
tions. It is applied to characterize the charge carrier mobility in various materials and blends,
followed by a discussion and interpretation of the results. In chapter 6, the focus is put on
complete solar cells and their characterization upon variations of temperature and illumination
intensity. It is shown that suitably designed solar cells can be used to determine the ionization
energy IE and electron affinity EA of organic semiconductors. This procedure is applied to a
variety of materials, complementing conventional measurement methods. In the concluding
chapter 7, the results are summarized and an outlook with suggestions for possible subsequent
research topics is given.
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Organic semiconductors are the material class in the focus of this thesis.∗ In
this chapter, their fundamental properties are discussed and related to prop-
erties of classical inorganic semiconductors, where appropriate. The focus
of the first part (sections 2.1 to 2.3) is on the basics of the electronic system
and electric transport properties. Following this, some transport measure-
ment methods are reviewed (section 2.4), and in the last part (section 2.5),
the working principle of organic photovoltaic devices is described, including
some application-relevant comments.
The reasoning in this chapter is along the lines of textbooks for organic [35–38] and classical
[15; 39; 40] semiconductors and photovoltaics. Basic concepts of polaron formation and trans-
port are based on the reviews by Bässler et al. [41; 42], summarizing the fundamental theory
for this field of research.
The discussion spans many orders of magnitude in size, from the sub-molecular level up
to centimeter-range devices. For the ease of reading, three rough orders of scale are intro-
duced. The microscopic domain addresses single atoms and molecules. It is the level of elec-
trons and molecular orbitals, molecular deformations, and interactions between neighboring
molecules. The macroscopic domain addresses mainly electrical and optical properties which
are measured on the scale of a device or thin film, e. g. current-voltage characteristics or light
extinction. The mesoscopic domain contains the range in between, especially layer formation,
morphology and crystallinity, material mixing, and energetic disorder considerations averaging
over a larger number of molecules.
2.1. Organic semiconductors
“Organic semiconductors” are organic materials showing the typical behavior of semiconduc-
tors, i. e. they are insulators whose conductivity can be increased by illumination, heating,
doping, or other processes increasing the charge carrier density. The electric conductivity
can be carried by two types of charge carriers, electrons and holes, and their densities can be
increased selectively by n- or p-doping, respectively. This feature enables the realization of
electronic devices and makes semiconductors the essential material class for electronics.
Beyond organic materials in the narrower chemical sense of hydrocarbon compounds, also
carbon-only compounds with semiconducting behavior, like fullerenes or carbon nano-tubes
are addressed by the term “organic semiconductors”.
Some common organic semiconductors are illustrated in Figure 2.1.
∗The term “organic” is used according to its chemical definition, addressing hydrocarbon compounds.
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Figure 2.1.: Molecular structures and images (P3HT and PEDOT:PSS in so-
lution, others pure) of some conjugated organic molecules.
(Image sources: Anthracene reproduced from [43] with permission
©2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim; P3HT re-
produced from [44] with permission of The Royal Society of Chemistry;
others by IAPP)
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2.1.1. Conjugated π system
A carbon atom has six electrons, with two of them occupying the 1s orbital, another two the 2s
orbital, and the remaining two electrons in two of the three energetically degenerate 2p orbitals.
When forming covalent bonds in a molecule, a hybridization of 2s and 2p orbitals occurs.
Bonding to four other atoms, e. g. in methane CH4, all three 2p orbitals are involved in an sp3
hybridization. The four electrons from the 2 shell occupy the four energetically degenerate sp3
orbitals, which are arranged in a tetrahedral alignment resulting in a bonding angle of 109.5°.
In a configuration where a carbon atom is bonded to three other atoms, only two out of the
three 2p orbitals are part of the hybridization, resulting in three energetically degenerate sp2
hybrid orbitals in a plane with a bonding angle of 120°. The sp2 plane is identified with the
xy-plane and the two contributing 2p orbitals with px and py. This configuration is a typical
situation in organic semiconductors. The remaining pz orbital is aligned perpendicular to the
xy-plane. It is e. g. realized in ethene or benzene, as illustrated in Figure 2.2.
In the carbon-carbon bond of ethene, two sp2 hybrid orbitals form a rotationally symmetric
σ bond along the axis between the atomic nuclei. The pz orbitals of the two atoms align parallel
and their overlap results in the formation of a mirror-symmetric π bond.∗ As the pz orbitals are
degenerate, their overlap leads to an energetic splitting: A binding orbital, denoted with π, is
formed with reduced energy and a high probability of presence between the atoms, and an anti-
binding orbital, denoted with π∗, at higher energy and a node of the wave function between
the atoms, i. e. a plane of zero probability of presence. In the ground state of the molecule,
the two electrons from the atomic pz orbitals fill the binding π orbital while the π∗ orbital is
unoccupied. An analogous energetic splitting is also induced in the σ bond. In comparison to
the π bond, the magnitude of the splitting is larger due to the larger geometric overlap of the
atomic orbitals. In consequence, the corresponding binding σ states are lower in energy than
the binding π states, while the anti-binding σ∗ states are higher than the π∗ states. The energy
diagram is shown on the right hand side of Figure 2.2a. The π-π∗ splitting defines the smallest
possible electronic excitation of the molecule: the excitation of an electron from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO).
This kind of π-σ double bond is non-twistable due to the π bond, which is not rotationally
symmetric. If more than two carbon atoms are bound in a series of such π-σ bonds, the pz
orbitals of all atoms are arranged in parallel and all σ bonds are in a common xy-plane with
bonding angles of 120°. The atoms can be arranged in chain-like and cyclic structures, the
latter is illustrated for benzene in Figure 2.2b. All pz orbitals overlap equally, leading to the
formation of large molecular orbitals spanning all carbon atoms. Because all pz orbitals are
degenerate, the formation of more than one π orbital goes along with an energetic splitting
of all π orbitals, however, with a much smaller energetic spread than the distance to the π∗
orbitals. The same applies to the π∗ orbitals. The orbitals are denoted as “conjugated π
system”, constituting an essential feature of an organic semiconductor. For a molecule to be
suitable as organic semiconductor, it must furthermore be designed in a way that the number
of states in the π orbitals equals the number of electrons in the conjugated π system.# In this
case, all π orbitals are filled while all π∗ orbitals are unoccupied, i. e. the highest π state is
∗ In ethene, this is a threefold symmetry, with the xy-plane as mirror plane, as well as the yz- and xz-planes
including the center point between the nuclei and defining the axis between the nuclei as x axis. In larger
molecules, generally only the symmetry with respect to the xy-plane is preserved.
# For simple cyclic molecules, this relation can be expressed in terms of Hückel’s rule.[45]
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a) ethene
b) benzene
Figure 2.2.: Illustration of the formation of delocalized π orbitals in a) ethene
and b) benzene. In each carbon atom contributing to the system,
the s and two p orbitals form three sp2 hybrid orbitals, which align
in a plane (xy-plane) with an angle of 120°, corresponding to the
preferred bond angle. The remaining pz orbital is aligned perpen-
dicular to the sp2 plane. The bond between two such atoms is a
double bond consisting of a σ bond between sp2 hybrid orbitals
and a π bond formed by the overlap of the atomic pz orbitals.
When composing several of these carbon-carbon units, as e. g.
shown in benzene, the pz orbitals of all atoms overlap equally,
forming π and π∗ orbitals which are delocalized over all carbon
atoms. The highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) confine the “en-
ergy gap”, which determines the semiconducting behavior of the
material.
(Figures adapted from [14].)
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the HOMO and the lowest π∗ state is the LUMO. The orbitals of a conjugated π system are
extended over all constituting carbon atoms, i. e. the electrons occupying these orbitals can be
delocalized over large parts of a molecule. This situation is illustrated for benzene as yellow
rings in Figure 2.2b. Conjugated π systems can also include other atoms, e. g. nitrogen or
sulfur, which are commonly used in organic semiconductors. Examples are ZnPc, PEDOT,
and P3HT in Figure 2.1, further materials are discussed in chapter 3, molecular structures are
shown in Figures 3.1 and 3.2.
The energy range between HOMO and LUMO without states is referred to as the “energy
gap” of the semiconductor. The overall splitting among the π orbitals is generally larger for a
larger number of atoms and the energetic difference between HOMO and LUMO gets smaller.
A larger conjugated π system, consequently, leads to a smaller energy gap.[46; 47] This de-
pendence can be understood in the picture of a quantum-mechanic “particle in a box” model:
The smaller the confinement for the electrons, the larger is the energetic distance between the
quantum-mechanic states, including the distance between the states below and above the gap.
Molecules with conjugated π systems are often, though not necessarily, aromatic com-
pounds, i. e. molecules with rings of carbon atoms.
2.1.2. Small molecules and polymers
Molecules are classified into so-called “small molecules” and polymers: Polymers (latter two
examples in Figure 2.1) are molecules with many repeating units, up to macromolecular sizes.
Small molecules, in contrast, are confined systems without repeating units and with a well
defined size, which is typically much smaller (former five examples in Figure 2.1). Oligomers,
i. e. polymer-like molecules with a well-defined number of few repeating units, are subsumed
under small molecules.
From a more technical point of view, organic semiconductor materials can be classified into
“evaporable” and “non-evaporable” compounds.[48–50] The differentiation refers to the avail-
able processing technique. Evaporable materials are molecules which can be evaporated or
sublimated in vacuum, without thermal decomposition of the molecules. Evaporable materials
are also addressed by the term “small molecular” materials, distinguishing them on a macro-
scopic scale from larger molecules, polymers, dendrimers, etc.. Small molecules, polymers,
and solution-processable larger molecules are all widely used in organic electronics, especially
organic photovoltaics. The materials used in this work are small molecular materials according
to the latter stricter classification. They are deposited by evaporation in vacuum (details are dis-
cussed in chapter 3) as thin solid films with amorphous or micro-crystalline morphology.[51]
The molecules in an organic solid are bound to each other by Van-der-Waals forces. These
interactions are considerably weaker and the spatial overlap of electronic states is less than
in the case of covalent bonds, which dominate within the molecules. On polymers and other
macro-molecules, the delocalization does not involve the whole molecule but is rather limited
to typically few units.[52] On smaller molecules – e. g. materials used in this work, as well as
many more evaporable compounds including oligomers – the delocalization is extended over
the whole molecule.[46; 47]
The space which a delocalized charge is confined to is denoted as a “site”. In the used small
molecular materials, every molecule constitutes one site. In specific cases, a site might also
correspond to a small group of closely packed molecules, e. g. a dimer of two strongly polar
molecules with overlapping π systems. In larger systems like polymers where delocalization
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a b
Figure 2.3.: Illustration of micro-crystallinity: AFM micrographs of zinc ph-
thalocyanine (ZnPc) deposited on unheated (a) and heated (b)
substrate. The feature size and roughness increases significantly
when heating the substrate, indicating stronger crystallization.
(Figure reprinted from [51, Fig. 7cd] with permission from Elsevier.)
takes place along the polymer backbone, a site corresponds to a part of the polymer and is
usually not defined as sharply as in small molecular materials.
2.1.3. Disorder in amorphous materials
Organic semiconductors can be crystalline, polycrystalline, or amorphous, depending on the
specific material and the preparation parameters (illustration in Figure 2.3).[48] Organic semi-
conductor crystals can show a behavior similar to inorganic semiconductors with respect to
band formation and other electronic properties. In contrast, the behavior of non-mono-crystal-
line material differs in a number of points which will be discussed in the following sections. In
this work, the focus is on non-mono-crystalline materials and the discussion is mainly based on
amorphous materials. Amorphous and polycrystalline materials can be deposited fast enough
to be technologically relevant.
In single crystals of small molecular organic semiconductors, a band structure evolves and
charges are delocalized over several molecules. If charges in a micro-crystalline material are
predominantly delocalized over complete crystallites or parts of them, those respective units
can be considered as sites.[53; 54] In the following, micro-crystalline materials are in this sense
treated analogously to amorphous materials.
2.1.3.1. Spatial disorder
An amorphous organic material is characterized by varying orientations and relative distances
of the molecules. If no partial crystallinity is present, various relative orientations are prob-
able. The center-to-center distance and the overlap of orbitals of neighboring non-spherical
molecules depends on their relative orientation and the position and orientation of other neigh-
bors.[55] While a certain short-range order can frequently be observed, no long-range order
is present. This situation is referred to as “spatial disorder”. From the number density of
molecules N, the average distance r can be approximately estimated assuming a simplified
cubic arrangement to N−1/3. The disorder of the distance in an amorphous solid can be ap-
proximated by a normal (Gaussian) distribution of the distance r between neighboring sites,
with the width ∆r centered at the average distance r (cf. Figure 2.4). These approximations
are suitable to obtain estimates. A more detailed study has to take the orientation and distance
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Figure 2.4.: Normal distribution (solid line) and its inflections points (circles)
at ±σE. The tangents at the inflection points (dashed lines) cross
the abscissa at ±2σE (crosses). It is used to describe energetic
and spatial disorder in organic molecular solids.
dependent attractive and repulsive forces into account.[55; 56] The arrangement is highly ma-
terial specific and requires numerical calculations of quantum-mechanical properties for each
system.
2.1.3.2. Energetic disorder
The interactions between neighboring molecules lead to polarization and mechanical deforma-
tion of the molecules and consequently a shift of the energy levels. In an amorphous material,
every molecule has a different environment regarding its neighbors, and the energy levels are
shifted differently for every molecule. This situation is referred to as “energetic disorder”.
Similar to the spatial disorder, the energetic disorder can be approximated by a normal distri-
bution, characterized by the mean energy and the standard deviation σE.[42; 57] σE is typically
in the order of 100meV[55], i. e. much smaller than the energy gap, but considerably larger than
kBT = 25.3meV at room temperature, where kB is the Boltzmann constant.
The energetic distribution is of particular interest regarding the frontier orbitals HOMO and
LUMO. It is reflected in a Gaussian shape of the spatially integrated density of states DOS(E)
at the edges of the energy gap Eg. This model is frequently confirmed as a good approximation
to experimental data obtained by ultraviolet photo-electron spectroscopy (UPS). Due to the
broadening, there is no sharp edge between the energy gap and the distribution of HOMO and
LUMO levels. Commonly, a value of 2σE from the center of the Gaussian distribution towards
the gap is defined as the edge. This value is experimentally accessible – even if the peak of
the distribution is overlaid by other signals and cannot be determined – as the point where the
tangent at the inflection point of the distribution intersects with the abscissa.[58] It constitutes
the electron affinity (EA) near the LUMO and the ionization energy (IE) near the HOMO of
the material. In contrast to inorganic semiconductors, this is not a well-defined edge but rather
a convention to define the gap size. According to the normal distribution, a small density of
states is expected within the “gap”, i. e. in the range between IE and EA.
As the sum of the contributions from all orbitals and the vibrational broadening of the states,
the DOS(E) can be regarded as a quasi-continuous distribution.
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2.1.4. Polarons
An additional charge in a molecular semiconductor is represented by an ionic state of one
molecule. An additional electron occupies the LUMO, creating an anion; a hole is represented
by an unoccupied HOMO state, creating a cation. Higher energetic states are occupied tem-
porarily, according to the occupation statistics at the given temperature. The Coulomb forces
which the charge induces on the surrounding molecules leads to a polarization of those. The
relaxed state of the charge and its polarized environment has a lower energy than the ionic
state itself, the difference is denoted as the reorganization energy λr. When the charge is
moved to another molecule, the surroundings will reorganize according to the new position of
the charge. This relaxation takes place approximately two orders of magnitude faster than the
charge transfer.[59] The charge and its polarized surrounding can be modeled as one quasi-
particle denoted as “polaron”.
Negative (anionic) and positive (cationic) polarons are the charge carriers in organic semi-
conductors. For simplicity, the terms “electrons” and “holes” will be used equivalently in this
work, when unambiguously referring to charge carriers in organic solids. According to this
convention, their polaronic character is implicit.
2.1.5. Polaron hopping
A charge carrier in a molecular semiconductor is localized on one site. A transfer of a charge
carrier from one site to a neighboring site is possible, if the quantum-mechanic overlap of the
two states is sufficient.[60] This transfer process from one relaxed localized site to another is
referred to as “hopping”. The transfer rate depends on the spatial overlap, the relative energetic
position of the two states, and temperature. Based on the work by Marcus [61; 62] it can
be expressed by the energy dependent hopping rate between neighboring sites. They can be
written according to Miller and Abrahams [63] as






where ν0 is the rate pre-factor, γ is an inverse measure for the spatial extent of the involved
orbitals’ wave functions, r = |⃗r| is the spatial distance between the hopping sites, ∆E = Efinal−
Einitial is the energetic distance between the hopping sites, and rx is the component of the
distance vector r⃗ which is parallel to a possible external electric field F⃗ (see Figure 2.5).
If the energy of the initial state is higher than the energy of the final state, i. e. the max-
function is 0, the transfer takes place fast and without external activation and the third factor
in Equation 2.1 becomes 1. If the final state has a higher energy than the initial state, i. e. the
max-function larger than 0, thermal (or other) activation of the charge carrier is required to
enable the transfer to the final state. In both cases, the polaron relaxation by λr at the new site
takes place after the charge transfer, resulting in an additional energetic barrier for the final
state to be occupied.
2.1.6. Fermi-Dirac distribution and Fermi level
In equilibrium in the zero temperature limit, only the energetically lowest states (local minima)
of a Fermionic system are occupied. For the electronic system in a semiconductor, this means












Figure 2.5.: Hopping of electrons without (top) and with (bottom) an electric
field F⃗ overlaying the energetic distribution of the hopping sites,
which is centered at E¯. The probability of hopping processes is
indicated by the color and thickness of the arrows.
that the energetically lowest-lying states are occupied by electrons, i. e. all states below the
energy gap. All higher states above the gap are unoccupied. The Fermi energy is the upper limit
of occupied states. It is in the middle of the energy gap. At increasing temperature, thermal
fluctuations lead to electronic excitations and the probability for electrons to occupy states
above the energy gap and create holes below the gap increases. The occupation probability for










where EF is the Fermi level. The value of EF is determined by the neutrality of the material,
i. e. the number of occupied states at finite temperature must equal the number of occupied
states at the zero temperature limit. In a semiconductor, this means that the number of holes
(unoccupied states below the gap) equals the number of free electrons (occupied states above
the gap). At increasing temperature, EF is shifted towards the energy where the DOS near the
gap is smaller.
The quantitative textbook behavior of inorganic semiconductors is generally applicable also
to organic semiconductors. Adaptions are required mainly due to the energetic disorder, which
will be discussed where appropriate.
2.1.7. Quasi-Fermi levels
If additional charges are introduced into a semiconductor (e. g. through illumination), the
energetic relaxation of the charge density above and below the energy gap separately takes
place on a much faster time scale (fs ..ps [64; 65]) than the relaxation over the gap (µs ..ms
[66; 67]), due to the much smaller energy steps within the quasi-continua. This difference in
time scales is due to the transition rate between states being reverse to the energetic distance of
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the states.[68] If the generation of charges is continuous, i. e. the density of excess electrons is
temporally constant, separating the two relaxation processes is a good approximation. It leads
to a quasi-equilibrium with independent quasi-Fermi-Dirac distributions above and below the
gap. They are characterized by respective quasi-Fermi levels (QFLs) for electrons and holes
separately, rather than one Fermi-Dirac distribution for all charge carriers. Both distributions
are characterized by the same T and have their specific Fermi levels, which are denoted as the







distance between a QFL and the respective transport level is correlated to the density of charge
carriers n, with a smaller distance ∆E indicating a higher charge density n. In the case of in-
organic semiconductors with a square-root DOS(E) at the band edge, this relation can be well
approximated by






The EqF(n) dependence is steeper, the lower density of states near the gap N. As a con-
sequence from relation 2.3, the splitting of the QFLs is larger for lower T , keeping the other
parameters constant.
Quantitative deviations from Equation 2.3 can be observed in organic semiconductors, es-
pecially in doped systems and due to intrinsic impurities.[69] The Gaussian shape of the DOS
leads to a stronger dependence of the QFL on the charge concentration.[70] The qualitative rea-
soning of increasing QFL splitting for lower temperature stays valid also in this case organic
semiconductors.
2.1.8. Trap states
If a site has an energy which is much lower than the energy of the surrounding sites, it is con-
sidered as a trap. When a polaron occupies a trap state with a trap depth > kBT , it is practically
immobile, because thermal activation to a neighboring state has a low rate. This kind of traps
can be investigated e. g. by thermally stimulated current (TSC) or impedance spectroscopy (IS)
investigations. In TSC measurements[71; 72], the traps are initially filled by optically created
or electrically injected charge carriers at low temperature. During the measurment, they are
thermally de-trapped, and the temperature-current relation at constant voltage yields access to
the trap position and density. In IS, the frequency-dependent capacitance is measured, treating
insulating layers as capacitors. Conductive layers and complex device stacks can be modeled
by respective equivalent circuits, and mobile and immobile charges can be distinguished by
the current response signal to an AC voltage.[73; 74]
Typical origins of trap states are chemical impurities (solvent remainders, degraded semi-
conductor molecules, or other contamination, unintended or intended for doped or blend layers,
see below), morphological traps (e. g. grain boundaries or material interfaces), or very broad
energetic disorder of the semiconductor. The differentiation between traps and low-lying hop-
ping sites is not sharp but a gradual transition in the range of kBT . Untrapped charge carriers
are referred to as “free” charge carriers. They are available for hopping processes and can
therefore contribute to electric current, while trapped charge carriers can be modeled as immo-
bile charges.
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2.1.9. Doping
The conductivity of an organic semiconductor – in this context denoted as “matrix” or “host” –
can be increased by electrical doping with small amounts of a suitable material introducing free
charge carriers.[58; 75] At first, gases like iodine or bromine or metals like lithium or ytterbium
were used.[76; 77] More recently, doping by molecular dopants[78; 79] has gained importance
and is now state of the art in organic electronics technology.[25; 48; 80; 81] Single-atomic
dopants can easily diffuse through an organic solid, making the devices unstable. Molecular
dopants can eliminate this issue when using molecules with a sufficiently high molar mass,
which lead to a morphologically stable matrix:dopant system.
Dopant molecules can be classified in electron donating n-dopants and electron accepting p-
dopants. The following discussion addresses p-doping and is analogously valid for n-doping by
exchanging HOMO and LUMO, holes and electrons, inverting the energy scale and adapting
the reasoning accordingly. Due to the frontier energy levels close to the vacuum level, some
n-dopants are prone to oxidation which might lead to degradation of devices in air.[70]
In a generalized picture, a p-dopant has a LUMO which has an energy near the HOMO of
the matrix material. Electrons can hop from a matrix to the dopant, ionizing it. The remaining
hole on the matrix is now available as a free charge carrier if it can overcome the Coulomb
binding. In this sense, the dopant introduces one additional charge carrier and site for hole
transport, though on an initially neutral molecule which gets ionized upon adding the free
charge carrier. A more detailed view on the microscopic doping mechanisms will be provided
in section 2.1.9.2.
2.1.9.1. Doping concentration and efficiency
The doping concentration is typically denoted in weight-percent (wt-%) or molar percent
(mol-%). The weight-percentage indicates the mass (m) fraction of the dopant with respect
to the dopant:matrix system




The molar percentage, on the other hand, refers to the number of molecules, expressed by the
respective ratio of partial molecular densities n




Both quantities are related to each other through the molar masses of matrix MM and dopant
MD through





doping in mol-% −1
 (2.6)
and inversely





doping in wt-% −1
 . (2.7)
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In this work, we use wt-%, as the mass density is directly measurable during the deposition
process (for details see chapter 3) and this way also the processing of unknown or undisclosed
proprietary materials with an unknown density or molecular mass can be described repro-
ducibly, including their use in blend or doped layers.
The doping efficiency in organic semiconductors is much smaller than in inorganic semicon-
ductors and the used doping concentrations are much higher.[69] In typical applications, dop-
ing concentrations of few wt-% are used to achieve conductivities in the order of 10−5 S/cm.∗
The doping efficiency is the ratio of dopants actually providing a free charge carrier. Estima-
tions of the charge carrier density in doped material indicate that the doping efficiency is in
the order of approximately 1 ..10%[69; 70], though it is material dependent, changing with
doping concentration and temperature.[82]
2.1.9.2. Doping mechanisms
The mechanism through which doping is facilitated is under discussion and the actual process
might be different for different material systems. The most direct approach for molecular
dopants is the assumption that the LUMO of the p-dopant molecule is lower in energy than the
HOMO of the matrix material and the ionization of the dopant occurs instantly, as illustrated
in Figure 2.6. If the Coulomb attraction between the ionized dopant and the hole can be
overcome, e. g. by thermal activation, this process creates a free charge carrier. While this
model might be appropriate for some dopants, dopants are reported whose doping energy level
is inside the energy gap of the matrix material with an offset > kBT . In this case, the discussed
approach cannot explain the formation of free charge carriers. In these cases, doping might
rather be facilitated by a hybridization of a dopant and a matrix molecule, creating new types
of sites and charge carriers at energies which might be thermally activated to contribute free
charge carriers.[83] The activation can happen spontaneously, but for some materials activation
by e. g. temperature or light is required.[84] Usually, the exact position of the orbitals in the
thin film is not known due to a lack of suitable measurement methods, and the appropriate
description of the situation has to be determined indirectly.
In both cases, clustering of dopant molecules might have an additional effect. If the sur-
face energy of dopant and matrix material are different and the molecules are spatially mobile
– e. g. during the deposition process, a post-annealing step, or aging of the sample –, a par-
tial de-mixing might occur and dopant molecules tend to cluster. In such a cluster, only the
molecules at the interface can directly interact with the matrix material, reducing the total
doping efficiency. Also the microscopic environment changes with respect to a single dopant
molecule in a pure matrix environment and the energy levels might be shifted.
2.1.10. Excitons
An electron and a hole interact by an attractive Coulomb force and the bound state of the
two charges is denoted as “exciton” (Figure 2.7). The Coulomb potential in a semiconductor
is narrowed and shallower compared to a pair of free charge carriers in vacuum, due to the
polarizable surrounding material. The binding energy EB of a polaron pair is consequently
∗ Actual numbers typically vary by approximately one order of magnitude, for very well or very bad conducting
materials, even several orders of magnitude.









Figure 2.6.: Illustration of p-doping with a dopant molecule comprising an
EA which is lower in energy than the IE of the matrix material.
Electrons are symbolized by arrows indicating their spin vector.
lowered. The strength of this “screening” correlates with the relative permittivity εr of the
semiconductor, namely the low-frequency limit of εr. This effect is illustrated in Figure 2.8. In
inorganic semiconductors with typical εr values in the range of εr ≈ 15, EB is in the range of
or below kBT at room temperature. This type of exciton is denoted as “Wannier exciton”. It is
delocalized over many atoms and the charges are not stably bound to each other. In materials
with a lower εr, e. g. organic semiconductors with typical values in the range of εr≈ 4, however,
EB is much larger than kBT at room temperature. This implies that a bound pair of charges
cannot be efficiently separated by thermal activation. A semiconductor where these thermally
stable “Frenkel excitons” are created is referred to as an “excitonic semiconductor”.
In the case of a thermally relaxed exciton, the LUMO of a molecule is occupied by one elec-
tron while the HOMO is unoccupied. Energetically excited excitons, so-called “hot excitons”,
include vibrationally excited states, higher energetic orbitals, or the charges being localized
on neighboring molecules. Especially in materials with inter-molecular center-to-center dis-
tances in the range of or below the largest extent of the molecule, excitons can be found to be
delocalized beyond one molecule.[60] This includes states with the electron and/or hole wave
function distributed over molecules.
In excitonic semiconductors, two energy gaps must be differentiated. The “electric gap”,
“electronic gap”, or “transport gap” Eelg is defined as the difference between the electron affinity
EA and the ionization energy IE of the material:
Eelg = IE−EA . (2.8)
The typical size of Eelg is in the order of 0.2eV larger than E
opt
g and much larger than kBT at
room temperature. However, Eelg does not correspond to the lowest possible electronic excita-
tion of an organic semiconductor in its neutral ground state. The lowest possible excitation is
the direct optical creation of an exciton. This energy is referred to as the “optical gap” Eoptg . It
corresponds to the onset of the optical absorption spectrum. The energy of a thermally relaxed
exciton Ex is the optical gap reduced by the reorganization energy λr
Ex = E
opt
g −λr , (2.9)
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Figure 2.7.: a) Coulomb binding of an exciton, illustrated in the one-particle
picture of an electron in the potential of a hole. b) A single-
particle energy diagram where the upper line shows the LUMO
energy and the lower line the HOMO energy. In this context, an
exciton can be symbolized by a bound electron-hole pair. How-
ever, an exciton is a two-particle state and the energies of electron
and hole separately are not well defined. To illustrate the exciton
in this picture, electron and hole are drawn with an energetic dis-
tance corresponding to Ex, and are arbitrarily placed in the middle
of the energy gap.
(Figure adapted from [4].)
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Figure 2.8.: Schematic sketch of the spatial delocalization rB, typical size of
the Coulomb potential rC, and the binding energy of excitons in
materials with different dielectric constant εr (here denoted with
ε): εr = 15 is a representative value for inorganic semiconductors,
εr = 4 for organic semiconductors.
(Figure reproduced from [85] based on [86].)
which is in the order of 0.2eV and related to the Stokes shift of radiative recombination of an
exciton.[87] When emphasizing the polarized surrounding of the exciton, it can be referred to
as “exciton-polariton”, along the lines of the terms for charge carriers. At finite temperature,
also the direct excitation of a relaxed exciton-polaron is possible from a vibrationally excited
ground state.[5] This process occurs at a small rate and reduces Eoptg .
The separation of excitons in an intrinsic organic semiconductor is possible [88] and can be
increased to some extent by applying a strong electric field under illumination.[89] Much more
efficient separation can be achieved at a suitable donor-acceptor hetero-interface, as typically
used in organic photovoltaics.[90] This process will be discussed in section 2.5.2.
2.1.10.1. Exciton multiplicity
In the ground state of a molecule, every orbital is occupied by two electrons with anti-parallel
spins. Excitons are classified depending on the relative directions of the spins of the unpaired
electrons in the frontier orbitals. If the spin of the additional electron in the LUMO and the
remaining electron in the HOMO have parallel spins, the resulting spin-1 exciton constitutes
a triplet. If the spins are anti-parallel, the exciton is a singlet exciton. The triplet exciton of a
molecule is generally lower in energy than the singlet exciton.[91] However, its formation from
the molecule’s ground state implies a spin flip, rendering it an optically forbidden transition.
Thus, the optical gap Eoptg is related to the formation of a singlet exciton. A triplet exciton can
be created from a singlet exciton by a spin-flip, but this transition takes place at a low rate.
The dominating mechanism for triplet generation in solar cells is the formation from two non-
geminate polarons, i. e. polarons which are not originating from the same exciton, with parallel
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spins. When a non-geminate exciton is created from two randomly oriented charge carriers,
the probability for singlet formation is 1/4. In light emitting devices, this fact is accounted for
by separately harvesting fluorescent emission from singlets or phosphorescent emission from
triplets, or employing materials which allow for a respective inter-system crossing.
2.1.10.2. Exciton hopping
When an exciton is transferred from one site to another, this process results in a net transfer of
energy, but not of net charge. Generally, two mechanisms are differentiated, Förster transfer
and Dexter transfer, which are depicted in Figure 2.9.[92–94] Förster transfer, also denoted
as resonant transfer, is a direct transfer of energy, i. e. the electron of an exciton relaxes into
the hole of the same exciton and an electron at a second site, which is initially in its ground
state, is simultaneously excited forming an exciton. The interaction between the sites is based
on a dipole-dipole electromagnetic interaction and consequently related to the spectral overlap
of the emission and absorption spectra of the involved sites. The spatial dependence of the
transfer efficiency is proportional to r−6, where r is the distance between the sites. Dexter
transfer, in contrast, describes the transfer of the electron and hole of an exciton to a new site
– i. e. the transfer of the electron in the LUMO from the initial to the final site and the simulta-
neous transfer of an electron in the HOMO from the final to the initial site. Dexter transfer is
limited to nearest-neighbor transitions, while Förster transfer can also take place over longer
distances, up to few nm. Both transfer mechanisms go along with respective re-organization
of the polarization of the environment, if induced by the exciton. For singlet excitons, Förster
transfer is the dominating process, while for triplet excitons, where the relaxation and excita-
tion of the electron requires inter-system crossing and has a low probability, Dexter transfer is
the dominating transport mechanism.
The exciton diffusion length ℓexc in trap-free material is determined by the diffusion coeffi-
cient and lifetime, which typically in the order of 1ns.[95] However, in energetically disordered
systems with immobile low-lying hopping sites, the energetic distribution might be dominating
ℓexc.[96; 97] At elevated temperature, with kBT above the typical energy of the energy distri-
bution, a strong thermal activation is observed, indicating decreasing influence of the energetic
disorder.[10; 96]
2.1.10.3. Exciton recombination and lifetime
Excitons can recombine by the electron filling the hole. The rate of this recombination dom-
inates the intrinsic lifetime of an exciton τexc. Other competing processes reducing τexc (e. g.
spontaneous dissociation) occur at a lower rate and can in many cases be neglected. It is de-
termined by the quantum overlap (spatial, energetic, spin) of the involved states.[98] Because
the transition from the triplet exciton to the ground state implies a spin flip, its transition rate
is generally much smaller and τexc of a triplet exciton is much longer than τexc of a singlet
exciton.
The radiative recombination of an exciton is the inverse process of exciton formation by
light absorption, and the energetic difference between the initial and the final electronic state
is balanced by an emitted photon with the respective energy. This radiative recombination
is fundamentally unavoidable. The respective recombination rate is a function of the inverse
energetic and spatial overlap of the initial and final quantum-mechanic states.
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Figure 2.9.: a) Förster transfer of a singlet exciton and b) Dexter transfer of
a triplet exciton in a spin-picture where arrows indicate electrons
with corresponding spin up or down, horizontal lines symbolize
the energies of the frontier orbitals of the initial (D) and final (A)
site, and dashed arrows indicate transitions with consequent reor-
ganization. An asterisk denotes that a site is excited, i. e. carries
an exciton.
(Figure reproduced from [93]).
Trap states introduce another important recombination channel. Excitons involving trapped
charges have a higher radiative recombination rate because of the smaller energetic distance
between electron and hole. If the energetic distance between the initial and the final state is
small enough to be in the range of vibronic excitations, the relaxation energy can also dissi-
pate non-radiatively into thermal energy. This process is hence referred to as non-radiative
recombination and much faster than radiative recombination. It typically occurs at deep traps.
2.2. Interfaces and blend layers
The role of interfaces is eminent in thin film systems, where the typical film thickness is in
the range of nm and a device consists of a stack of up to ten or more layers, while the device
area is macroscopic. In this configuration, the influence of the interface formation between
the layers can have an influence on the electronic behavior and energy landscape within the
whole layer. A sharp differentiation between “bulk” and “surface” properties, as commonly
done for inorganic devices, is in many cases of organic thin film semiconductors not appro-
priate. In blend layers, where two or more materials are mixed, the interface effects are even
more dominating. For electric modeling approaches, a blend layer can be regarded as one ef-
fective medium with effective energy levels and effective transport properties, accounting for
the dominant mechanisms under investigation.
Interfaces of organic semiconductors – with metals or other semiconductors – have many
properties in common with classic semiconductors, however, showing some additional effects.
An overview is given in the following sections, for more details, the reader is referred to
Refs. [55; 56; 99].
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In all cases, in equilibrium without voltage bias or illumination, the Fermi level is constant
throughout the device. Any potential difference during interface formation is compensated by
diffusion of charge carriers creating charge accumulation or depletion and consequent vacuum
level shifting until the Fermi level is uniform.
2.2.1. Interface dipoles
The vacuum level at an interface is generally aligned by charge accumulation and a conse-
quent shifting of the energy levels along with the vacuum level. At a metal-organic interface,
where the potential of the metal is defined externally, the energy levels of the adjacent organic
molecule are aligned accordingly, as depicted in Figure 2.10. An additional interface dipole
between the materials might additionally overlay the situation. This effect is pronounced at
metal-intrinsic interfaces.[100] It can have several origins, like ionization of molecules, rear-
rangement (push-back) of the electron density at the metal surface, an image charge effect in
the metal, chemical interaction, or in the case of polar organic molecules, a parallel arrange-
ment of these molecules on the surface.[101, esp. Fig. 16] Up to a distance of few nanometers
from the interface, a so-called “pinning” effect has been observed in several material systems,
i. e. the Fermi level in the organic semiconductor on different metal substrates shifts to a com-
mon level due to a dipole in the first monolayer.[102; 103]
2.2.2. Energy level bending
At the interface between materials with different Fermi levels (semiconductors) respectively
work functions (metals), an equilibrium is formed: As a consequence of the work function
difference VBB, charges accumulate in the energetically lower-lying area, depleting the higher-
lying area. In unbiased equilibrium, the drift towards the lower-lying area equals the opposite
diffusion away from the charge accumulation. The Fermi level at the interface and in the whole
device aligns to a constant value, inducing steps in the vacuum level.
If a density of immobile charges Nd, i. e. activated dopant molecules, is present, a dipole
between the accumulated mobile charges at the interface and the immobile charges is formed.
The density of free charges decreases with increasing distance from the interface, leading to a
continuous “bended” shift of the vacuum level. The thickness of this dipole layer W decreases






In nominally undoped organic semiconductors, where impurities dominate the charge den-
sity, the Fermi level alignment typically takes place several tens of nanometers away from
the interface.[102; 104] The size of W , and consequently the bending radius can be further
increased at very high material purity. When doping an organic semiconductor, the bending
radius at the interface is smaller.[58; 104] For high doping (several wt-%), it can be in the order
of a molecular monolayer and is expected to allow for tunneling of charge carriers through the
bending barrier.[81; 105] This effect can be exploited at a metal-semiconductor interface to
form a well-conducting “Ohmic” contact. At an organic-organic interface between a highly
p-doped material with a high lying hole transport level and a highly n-doped material with a
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Figure 2.10.: Illustration of the level arrangement and the interface dipole at
a metal-organic interface. a) When the two materials are at in-
finite distance, the (surface dependent) interface dipoles of the
metal lead to an increase of the vacuum level (VL) at the surface
VL(s). Both materials have a common vacuum level at infinite
distance VL(∞). b) In direct contact, the energy levels of the or-
ganic molecule are shifted by VL(s)−VL(∞). c) Before Fermi
level alignment, this situation can be depicted in a simplified
manner. d) An interface dipole between the materials overlays
the situation and can be described as a vacuum level shift ∆ be-
tween the materials.
(Figure reproduced from [101] with permission ©Wiley-VCH Verlag
GmbH, D-69469 Weinheim, 1999)
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low lying electron transport level, the conversion of hole and electron current is possible in
the direction from the p-doped to the n-doped material by a recombination with a minimized
energy loss, and the structure can be used as Ohmic recombination contact in e. g. tandem so-
lar cells [8; 106] or n-i-p-n device structures. When p- and n-doping the same material in two
adjacent layers separately, a p-n homo-diode can be realized.[105; 107]
2.2.3. Injection from metal into semiconductor, and extraction
To inject a charge carrier from a metal into an intrinsic semiconductor, where the work function
of the metal is in the energy gap of the semiconductor, an energy step Φinj has to be overcome
(see Figure 2.11). Due to the image charge effect, this energy step is not sharp but rather







where the interface is at x = 0. In the presence of an electric field F , this barrier is lowered by
the overlay of the potentials
Φ(x) =Φinj−ΦI(x)− eF · x , (2.12)






resulting in an effective barrier height of ΦB =Φinj−∆Φ.
According to this model, the so-called “Schottky effect”, the thermally activated current










where m∗ is the effective mass of the charge carrier and h is the Planck constant. The value
of m∗ is well defined in the case of band like transport, e. g. in inorganic semiconductors. In
organic semiconductors its physical interpretation is under discussion.
If the barrier is narrow, additional tunneling through the barrier can occur, similar to the
situation with a highly doped semiconductor (see above).
Extraction of charge carriers from a semiconductor into a metal with a work function in the
semiconductor’s energy gap can be hindered by an energetic barrier due to the level bending
at the interface.[105] The height of this barrier is lowered with increasing voltage V at the
interface facilitating an exponential extraction current density










where j0 is in the range of the (weaker voltage dependent) thermionic injection current density.
When the barrier is very thin and/or low, e. g. by highly doping the semiconductor, tunneling
of charge carriers through the barrier can dominate the charge transport at the interface. In this
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Figure 2.11.: Thermionic injection from a metal (left) into a semiconductor
(right). In the presence of an electric field, the injection barrier
is lowered fromΦinj toΦB, if taking the image charge effect into
account.
(Figure reproduced from [4]).
case, or if the work function of the metal is above or below the energy gap, a well conducting
“Ohmic” contact is achieved.[81]
2.2.4. Excitons at interfaces
When an exciton reaches an interface to a metal contact, it is immediately quenched by both
the electron and the hole relaxing to the work function of the metal.[108] At the interface to
a semiconductor with a smaller energy gap, the exciton can cross the interface and thermal-
izes down to the energy gap of the second material. The transfer of a relaxed exciton onto
a semiconductor with a larger energy gap requires additional energy, accounting for the dif-
ferent energies of the excitons in the two materials. Without this excess energy, the exciton
cannot diffuse across the interface. If both hole and electron are required to overcome an
energetic barrier upon transfer to the second material, the exciton is confined to the material
with the smaller energy gap and this circumstance is denoted as “reflection” of excitons. In
contrast, if the energy levels are shifted and only one of the charge carriers in the exciton ex-
periences an energetic barrier at the interface, and the other sees a beneficial energy step (see
Figure 2.12Ac), then the interface is described by the donor-acceptor model [90] discussed in
the following.
Exciton dissociation at a donor-acceptor heterojunction
An interface formed by two organic semiconductors whose frontier orbital energy levels are
shifted in the same direction with respect to each other, is denoted as an interface between
donor (D) and acceptor (A): Both HOMO and LUMO of the donor are higher in energy than
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the respective energies of the acceptor material (see Figure 2.12Ac).[90] In this arrangement,
an electron on the donor (resp. a hole on the acceptor) material undergoes a transition over the
interface due to the energy offset which is in favor of the transfer.[109]
The same process occurs if the charge carrier is part of an exciton, leading to the formation
of a charge-transfer (CT) state with the hole on the donor and the electron on the neighboring
acceptor molecule (Figure 2.12Ad). CT states between a donor and an acceptor molecule usu-
ally have a lower energy than a singlet exciton on either of the two materials. Accordingly, an
exciton which is near a donor-acceptor interface tends to relax into a state of the CT manifold
on a time scale of tens of femtoseconds (Figure 2.12B). The CT manifold at a certain position
of the interface includes the relaxed CT state of two nearest-neighbor molecules, as well as
vibrationally excited states and electronically excited states where one or both charge carriers
might be localized at molecules with some distance from the interface.[60]
When a charge carrier is not in the lowest-energy state of a frontier orbital but on an ener-
getically higher level – vibrational state or higher orbital –, the corresponding state is referred
to as “hot”. A hot CT state might be created when the electron from the donor (resp. hole from
the acceptor) is transferred to the acceptor (resp. donor) and the offset is large enough. (Rates
reported for the polymer system PCPDTBT:PCBM are shown in Figure 2.12B.) The question
whether this kind of hot CT state relaxes into the CT ground state or is directly separated, and
whether the former is a detrimental process for a consequent complete charge separation as
required for solar cells (see below) is a currently ongoing discussion.[5; 110–114]
2.3. Charge transport and recombination in organic
semiconductors
Charge carriers in organic semiconductors, i. e. polarons, are mobile and can move through the
material. A net electric current density j is present when charge carriers perform a movement
into a common mean direction. Driving forces relevant in the context of this work are either
a spatial gradient of the density of charge carriers n, leading to a diffusion transport, or an
electric field F inducing drift transport. For more details and aspects beyond the discussion
within this work, the reader is referred to the textbooks and reviews [56; 99; 115; 116].
In this work, we deal with thin film devices which are sandwiched between electrodes, i. e.
the effective direction of current is perpendicular to the surface. The device thickness (few
100nm) is much smaller than the lateral size (typically few mm or more). In this geometry and
if the materials can be modeled as anisotropic, the mathematical description of transport can
be simplified reducing the dimensionality to one. The spatial coordinate x is the direction per-
pendicular to the film surface, i. e. from electrode to electrode in the direction of current. The
films are modeled as laterally homogeneous on the scale of the device area. This assumption
implies that actual inhomogeneities (e. g. phase-separated material blends) consist of much
smaller structures than the lateral device dimensions and the transport properties are laterally
averaged over the whole device area. Edge and corner effects at the borders of the active area
are neglected. This assumption will be checked for validity in the respective chapter (sec-
tion 5.4.1). At steady state in the one-dimensional picture, the current density is independent
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Figure 2.12.: Charge separation of an exciton:
A) In the one-particle picture of an electron in the potential of
a hole. a) simplified neutral energy diagram b) mobile electron’s
hopping sites in the potential of a fixed positive charge: In neat
material, a high energy is required for the dissociation. c&d) At
a donor-acceptor interface, the energy barrier is essentially low-
ered by the energy step between the materials.
B) In a two-particle picture with the ground state S0 and sin-
glet exciton states at different excitation energies Si, relaxed
CT states at different distances (CTS, solid green lines), hot
CT states (dashed), and states representing unbound polaron
pairs (solid red). (Rate numbers refer to the material system
PCPDTBT:PCBM. Figure (B) reprinted by permission from Macmil-
lan Publishers Ltd: Nature Materials [110] ©2013.)
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of the position in the device, i. e. in the direction of current x:
j(x) = j . (2.16)
In the “energy landscape” of an energetically disordered system, not all sites contribute
equally to the current, because energetically high-lying sites have a low probability to be occu-
pied. A large part of the current density flows along paths of sites with low energy (“valleys” in
the landscape). Although these percolation paths generally do not represent a direct way along
the potential gradient, they carry a higher current than their environment, as the requirement for
“upward hops” is minimized and the hopping rates are accordingly fast.[117; 118] This type
of transport is referred to as “percolation transport” (or more rarely “filamentary transport”).
2.3.1. Drift transport
Applying an electric field F⃗ to a material containing free charge carriers induces a directed
motion of the charge carriers. The resulting drift current is proportional to the field strength
F . The proportionality factor is enµ , where µ is the charge carrier mobility, which will be
discussed in detail in the following sections. In an anisotropic medium, µ might be a tensor,
however, in this work we focus on amorphous and microcrystalline materials which can be
modeled as isotropic on the scale of a solid layer, and the direction of the drift current is
parallel to F⃗ . In this case, µ is a scalar and the one-dimensional description is valid. The field
strength F and the drift current density jdrift can be written as scalars along the direction of x.
The resulting transport equation is
jdrift = enµ F . (2.17)
This equation is valid for every charge carrier species separately. In a bi-polar device where
both electrons and holes contribute to the electric current, their contributions add to
jdrift = eF ·

np µp +nn µn

, (2.18)
where a subscript “p” indicates holes and a subscript “n” indicates electrons.
2.3.2. Charge carrier mobility
The charge carrier mobility µ is the key figure to describe charge transport in a semiconductor.
The product µ F is the proportionality factor between j and en. It indicates the mean velocity
of the charge carriers. In inorganic semiconductors, µ can often be approximated by a constant
value over a large range of the parameters F and n. In inorganic crystalline semiconductors,
the mobility is in the order of 103 ..105 cm2/Vs, in metals 101 ..102 cm2/Vs.[39]
In disordered systems like organic semiconductors, a strong influence of F and n on µ
is expected and has been observed.[34; 42; 119–122] However, the quantitative dependence
µ(F,n) is under discussion and the variety of suggestions indicates that probably different
models are required to describe different materials and material systems. Typical µ values in
organic semiconductors scatter largely in the range of 10−6 ..101 cm2/Vs.[99]
Early quantitative calculations of the mobility in disordered systems have been carried out
based on Monte Carlo simulations on a network of sites with Gaussian energetic and spatial
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disorder.[42] In an energetically disordered material, two types of hopping processes can be
distinguished as discussed in section 2.1.5. A “downward” hop from an energetically higher
to an energetically lower site is a spontaneous process and can be modeled by a constant rate.
An “upward” hop from an energetically lower to a higher site, in contrast, requires external
energy, which is usually thermal energy. Accordingly, the hopping rate is larger the smaller
the energetic distance ∆E between the sites.[118; 123]
Applying an electric field F⃗ , the energetic disorder is overlaid by the the potential gradient
and the relative position of the hopping sites is re-arranged as shown in Figure 2.5. The rate for
hopping processes in the direction of F increases∗ while hopping rates in the reverse direction
are reduced, and a net current j is induced. This current can be described as drift current and
from n and the ratio of F and j, the effective mobility µeff can be obtained.[42]
2.3.3. Thermally activated transport
In crystalline materials, the intrinsic mobility of the charge carriers moving by coherent prop-
agation in the periodic lattice is usually reduced by scattering at phonons, leading to a neg-
ative temperature dependence at room temperature.[124] In energetically disordered systems
with hopping transport, the presence of thermal excitations rather supports transport, enabling
hopping processes across energetic barriers, and the temperature dependence of mobility is















where ∆ is the thermal activation energy. Temperature activation is also reflected in the mobil-
ity models discussed in the following sections.
2.3.3.1. Field dependent mobility
For the field dependence of µ , different models are reported and regularly applied. The two
most important models are presented in the following paragraphs, completed by a simplifica-
tion for measurements at constant temperature.
Poole-Frenkel: A frequently used model for the field dependence is the so-called “Poole-
Frenkel” type field activation.[125] It is based on the lowering of the energetic barriers between
the hopping sites in analogy to the case of thermionic injection (cf. section 2.2.3). In the
resulting mobility function as suggested by Gill [126]
∗ The description is given with respect to holes, reasoning for electrons is valid analogously, cf. section 2.1.9.
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µPF, ∆PF, and T0 are constants. The zero-field mobility µ0 is a pre-factor with the unit of a
mobility. ∆PF describes the thermal activation of transport. It is the activation energy for the
mobility accounting for the effective barrier height between hopping sites. T0 is in some cases
reported to be required as additional fit parameter, else Teff = T is assumed.[127]
Bässler: The field dependence of µ resulting from the Bässler model also has the form of
µ ∝ exp
√
F , however, with a different physical meaning of the pre-factors



















where σE characterizes the energetic disorder (cf. section 2.1.3.2) and ∆r/r the spatial disor-
der (cf. section 2.1.3.1). The field dependence originates from the property of the energetic
disorder that new percolation paths are accessible at higher field strengths.[56] Although this
relation is based on a comprehensive model, the Poole-Frenkel model is frequently reported to
fit measured data.
Simplified: When considering constant temperature in a given material system, a simplified
form can be applied to describe the field dependence







and the values of ∆PF, T , and T0 are implicit in the pre-factor µ0.
The field activated behavior is also compatible with more detailed analytical and simulation
results at moderate field strength, constituting a theoretical basis for this dependence, originat-
ing from the energetic disorder of hopping sites.[128] For very high fields, the field dependence
deviates from the discussed behavior, due to two mechanisms qualitatively working in opposite
directions. Lowering of hopping barriers by the external field affects only hopping processes
upward in energy, while hopping processes downward in energy have a field independent rate
(cf. Equation 2.1). This implies that at high fields, when transport is dominated by downward-
jumps, the current density becomes independent of the field strength, i.e., the mobility receives
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a negative field dependence.[129] In the presence of trap states, in contrast, their interaction
can lead to an increased positive slope of the field dependence µ ∝ exp(γ ′ ·F), where γ ′ is a
pre-factor with the unit cm/V.[128]
A saturation of µ towards small F is regularly reported as a typical feature of realistic µ(F)
characteristics.[34; 119; 130]
2.3.3.2. Effective mobility in the presence of traps
When traps are present in the semiconductor, the trapped charges cannot contribute to current.
The effective mobility is reduced by the ratio Θ of trapped charges. In the model of a single










where N is the total density of sites, Nt is the density of trap sites, and Et characterizes the trap
depth.
This model of trapped and untrapped charges is not appropriate in disordered systems where
the transition between low-lying hopping sites and traps is not sharp. In this case, the mobility
can be described more appropriately by the effective mobility
µeff =
j
eF ·n , (2.27)
where n is the total density of charges of the respective type (electrons or holes).
2.3.3.3. Field and charge carrier density dependent mobility
The discharge rate of energetically low-lying sites is smaller than from higher lying sites, and
a small density of charge carriers n accumulates in these low-lying sites where they have a
low µeff. At increasing charge carrier density, higher lying sites are gradually occupied, where
the charges have a higher mobility. Consequently, the effective mobility µeff increases with
increasing n.[42; 120; 131; 132] Taking into account specific properties of material systems
relevant for organic photovoltaics and reviewing experimental data, the temperature, field, and
charge carrier density dependent effective mobility µ(T,F,n) of a variety of materials has been
suggested by Pasveer et al. to be described by the empiric relation [119]




· c1 · exp
−c2 · σˆ2















· lnσˆ2− σˆ− ln(ln4)
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where µ(F,n), µ0, f (F), g(n), and δ are implicit functions of T , c1 and c2 are empiric material
dependent parameters, a is the effective lattice constant, and σˆ and ν0 are defined as above.
While at low field strength, the field dependence might saturate and only a weak density
dependence is present, a negative field dependence of the mobility at high charge carrier con-
centrations and high field strength is suggested due to a saturation of the available states.[133]
2.3.3.4. Mobility in a blend
In blend layers of different materials, where the materials form phase-separated interpene-
trating networks, transport of one charge carrier species is typically confined to one of these
phases. This situation is typical for photovoltaic donor-acceptor blends. Regarding the blend
as one effective material, the charge carrier mobility of the blend is often lower than for the
respective neat material, which has several reasons. Firstly, the volume contributing to con-
ductivity is reduced – in the case of a 1:1 blend of two materials, it is half compared to a neat
layer. Secondly, if the phase separation occurs also along the x direction on a scale which is
smaller than the layer thickness, then the path for transport cannot be straight from one elec-
trode to the other, but takes place on curved percolation paths inside the respective material
phase. Depending on the feature size of the de-mixing, this might – at charge carrier densities
n below 1% of the density of sites – lead to a negative field dependence of µ .[34] Due to pile-
up effects of charge carriers at phase boundaries perpendicular to the direction of the field, and
possible dead ends, this effect is expected to be highly dependent on n. A separation into a
field dependent term and a charge carrier density dependent term as suggested in the previous
paragraph would not be possible.
2.3.4. Diffusion transport
Diffusion is a model for random spatial fluctuations of particles occurring at finite temperature.
At regions with density gradients, the randomness of the movement of each single particle
implies that more particles move from the denser to the less dense region than vice versa. This
imbalance results in a directed net current of particles anti-parallel to the density gradient. In
the one-dimensional transport description, the gradient of the particle density n is written as
the spatial derivative n ′ = ∂n/∂x. The electric current density resulting from the diffusion of
charge carriers in a semiconductor is
jdiff =±eDn ′ , (2.29)
where the positive sign is valid for electrons, the negative sign for holes, and D is the diffusion
constant. In bi-polar devices, the equation reads
jdiff = e ·

Dn n ′n−Dp n ′p

, (2.30)
using the same nomenclature of indices as above. Based on a work by Einstein, which was
developed for particles suspended in a liquid, the diffusion constant D of a particle type can be
related to its mobility through the so-called Einstein relation[134]. This model is applicable
for charge carriers in semiconductors in the form of the Einstein-Smoluchowski relation[56]
D = µ · kBT
e
. (2.31)
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It is valid for the diffusion of charge carriers in inorganic semiconductors∗ [40] and is reg-
ularly applied to organic semiconductors, though its validity in the latter case is a matter of
debate.[107; 135]
2.3.5. Drift-diffusion transport
When both density gradients and electric fields are present, the resulting electric current can
be modeled as a superposition of both mechanisms
j = jdrift + jdiff = e ·

nµ F±Dn ′ (2.32)
and in a bi-polar device respectively
j = e ·F · np µp +nn µn+Dn n ′n−Dp n ′p . (2.33)
This relation is valid at every single point in the device. In unipolar devices with negligi-
ble recombination at a given voltage, when no photo-generation of charges is present, Equa-
tion 2.32 is valid with j being constant, n and F being functions of x, and µ being a function
of n and F (cf. section 2.3.2). In this case, the parameterized drift-diffusion equation reads
j = e ·n(x)F(x)µn(x),F(x)±Dn(x),F(x)n ′(x) , (2.34)
where n = nn in an electron-only device and n = np in a hole-only device, etc..
2.3.6. Space-charge limited current
By applying a voltage V at a pair of electrodes with a good (i. e. low ohmic) contact to a semi-
conductor, a current density j is generated. The available density of injected charge carriers
is high and the current density is carried by these injected charge carriers. Regarding unipolar
transport (i. e. only one type of charge carriers is selectively injected at one contact), this situa-
tion leads to a charging of the semiconductor from the injection contact (x = 0). Drift transport
towards the extraction contact is induced by the external field. In a semiconductor with a low
mobility µ , the injection of charge carriers from the contact is more efficient than the transport
through the semiconductor and the current density is limited by the drift transport. This situa-
tion leads to a pile-up of injected charge carriers near the injection contact. In equilibrium at
constant V , the current density j is spatially invariant (Equation 2.16). Due to the reciprocity
of n and F resulting from the drift transport equation 2.17, the field strength F(x) is very small
at the injection contact, and monotonously increasing towards the extraction contact, while
the charge density n(x) decreases. This situation is denoted as “space-charge limited current”
(SCLC). SCLC is strongly dominated by drift transport and diffusion can be neglected in many
practical cases.
∗ Adaptions are necessary for degenerate systems.
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2.3.6.1. Constant mobility
The SCLC situation can be described analytically when neglecting diffusion and assuming a













which is solved by the square-root ansatz


















with the boundary condition that the injection contact is grounded Φ(0) = 0V. This situation
is plotted in Figure 2.13.
At a given device thickness x = d, the voltage between the extraction and the injection









which is known as the “Mott-Gurney equation”.[136] ∗
2.3.6.2. General non-constant mobility
If µ is not constant, but a general function of n or F or both, or if diffusion is regarded, then
the solution of Equation 2.36 and the quantitative devolution of n(x), F(x), and Φ(x) changes.
However, the qualitative behavior of n(x) decreasing as well as F(x) and Φ(x) increasing from
the injection towards the extraction contact remains valid. In the usually observed case of a
non-decreasing dependence of µ on n and F , the j-V characteristics become steeper than V 2
∗ Equation 2.40 is also termed “Child’s law”, referencing to his earlier work on ballistic transport.[137]
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potential:            Φ / (50 V) 





charge density:   n / (10
18 cm-3) 
Figure 2.13.: Model calculation: analytic solution of a drift-only SCLC sit-
uation at 100mA/cm2 by electrons injected at x = 0nm into a
semiconductor with a constant mobility of µ = 10−5 cm2/Vs.
and the exponent of V is not necessarily constant. An analytical solution cannot be found in
many cases and analytical approximations or numerical simulations are required, which will
be discussed in chapter 4.
2.3.6.3. Field activated mobility
For the frequently reported case of a square-root exponential field dependence as discussed in
section 2.3.3.1, an analytical approximation for the j-V characteristics can be given. Based on















and is known as the “Murgatroyd equation” or “Murgatroyd approximation”.
2.3.6.4. Trap dominated transport
Traps are a common origin for a non-constant effective charge carrier mobility and can be
investigated by SCLC measurements.[139] SCLC in a material with traps can be modeled by
a statistical trapping and de-trapping of charge carriers and is sometimes referred to as “trap
charge limited current” (TCLC). Compared to Equation 2.26, the influence of the Fermi level
on the ratio of trapped charges has to be taken into account. This is due to the large density
gradients in SCLC. For Gaussian and exponential trap distributions, j-V characteristics can be
approximated by a power-law j ∝∼ V n with n > 2, where the exponent characterizes the trap
distribution. In the case of an exponential trap distribution, n = Et/(kBT )+1, where Et is the
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typical energy for the exponential decay of the trap DOS.[140, p. 25ff] A similar expression can
be approximated for a Gaussian trap distribution.[35, p. 276ff] Both models assume a constant
mobility of free charges and immobile trapped charges. A situation where trapped and free




Geminate recombination is the recombination of a pair of charge carriers which were optically
created in the same exciton. The initial state of the recombination is an exciton or CT state
and the final state is a neutral state with the involved molecules in the ground state. Regarding












The rate kexcgen is the rate of singlet excitons being generated. Under illumination conditions
as relevant for solar cells, this process is dominated by light absorption. The rate kexcrec is the
singlet exciton recombination rate, including direct radiative recombination and inter-system
crossing to triplet excitons, and kexcdiss is the dissociation rate for excitons, which is – in the
presence of a donor-acceptor interface – dominated by the transfer rate to a CT state.
The exciton generation rate by light absorption can be expressed as
kexcgen =

α(λ ) · I(λ ) · λ
hc
dλ (2.44)
with the incident light intensity I(λ ), the absorption coefficient α(λ ), and the photon energy
hc/λ , where c is the speed of light. The recombination rate is a function of the lifetime τexc





The separation rate kexcdiss is also a function of the exciton density, where the exact relation
depends on the size and geometry of the interface. The more efficient separation of excitons
can be achieved, the lower nexc and consequently the recombination losses through kexcrec . The





The rate kCTgen is the generation rate of singlet CT states. The recombination rate of singlet CT
states kCTrec is the sum of several processes, where direct recombination and transfer to a triplet
exciton via inter-system crossing are the dominating processes.
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The geminate recombination rate is the combined rate of the processes recombining a pair
of charge carriers from the same singlet exciton. In the framework of the previous paragraph,





is the separation efficiency for the charges comprising a CT state. It is independent of the
charge density at the interface.
2.3.7.2. Non-geminate recombination of charge carriers
CT states can be populated either by direct excitation, or during the charge separation pro-
cess from an exciton, or from free charge carriers (i. e. a hole from the donor and an electron
from the acceptor). The latter contribution results in an additional term representing the non-
geminate recombination: The recombination of free charge carriers generally goes through a
CT state, because the majority of the charge carriers are on their respective material, i. e. holes
on the donor and electrons on the acceptor. The recombination rate for this path depends on
the density of electrons nn and holes np. Furthermore, the charge dynamics play an essential
role, because the recombination rate is related to the charge carrier mobility.
Non-geminate recombination can be classified into bimolecular or monomolecular recom-
bination.[141] Bimolecular recombination describes the recombination of two mobile charges
and can be described by the Langevin recombination model, which was originally developed
for gas ions[142] but can be successfully applied to charge carriers in semiconductors[143]
R =L · np nn−n2i  , (2.48)
where n2i is the product of electron and hole density in thermal equilibrium without excess
charge carriers andL is the Langevin recombination pre-factor
L =
e · µp +µn
ε0εr
. (2.49)
Additional modifications accounting for the phase separation of donor and acceptor might
be required to correctly describe heterojunction blend layers.[144; 145]
Monomolecular recombination is present when one of the charge carriers is immobile, e.g.
trapped, and can be described by the Shockley-Read-Hall (SRH) model, following





with the temperature dependent pre-factor kSRH and density of traps Nt. This approximation il-
lustrates the qualitative behavior of the SRH recombination. For a quantitative discussion with
additional pre-factors and summands for specific situations, the reader is referred to respective
textbooks (e. g. [39, chapter 1.5.4]).
Due to trap-filling and the respective dependence of the recombination rate from the charge
density, the dominating mechanism typically changes when going from low to high illumina-
tion intensity.[146; 147]
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In a BHJ with the donor-acceptor blend modeled as one effective material, the interface
between donor and acceptor is not modeled explicitly. It is implicit in the charge separation
and charge recombination rates.
At a flat heterojunction, non-geminate recombination is confined to the 2-dimensional in-
terface between donor and acceptor, except for the recombination of minority charge carriers,
which is expected to be negligible. If the surface roughness at the interface is high, it can show
the behavior of a very thin BHJ.
2.4. Mobility measurement
Some common methods to measure the mobility of charge carriers in organic semiconductors
are briefly summarized in the following paragraphs, including their typical fields of application
and specific strengths and issues. For a more comprehensive overview, the reader is referred
to textbooks or reviews.[99; 122; 148] The discussed methods all rely on an available model
for µ(F,n) in the specific material under investigation, which allows for the calculation of
expected measurement curves and the subsequent fitting of model-specific parameters. This
means they are not model-free with respect to the mobility function. An overview is provided
at the end of this section in Table 2.1.
2.4.1. SCLC and TCLC
Measurements of SCLC or TCLC as discussed above in section 2.3.6 in single carrier devices
(cf. section 5.1) allow for the fitting of specific mobility parameters to a known mobility model.
The challenge in the design of appropriate devices is the selectivity of the contacts that only
one type of charge carriers can be injected, and the ohmic contacting. The latter ensures that
the voltage drop at the injection contact is negligible. However, this requirement is difficult
to meet.[149; 150] If it is not completely fulfilled, the device must be regarded as a series
connection of the injection and the SCLC device. As the characteristics of the injection contact
are a superposition of several effects (cf. section 2.2.3) and not known quantitatively in most
cases, the actual j-V characteristic of the semiconductor cannot be reconstructed correctly.
If the injection is ohmic and the slope n in the double logarithmic plot∗ equals 2, the mobility
can be determined by fitting the Mott-Gurney equation 2.40. This fit is valid if µ is constant
and independent of F and n. For all other cases, where µ is not constant, the qualitative
behavior of µ(F,n) must be known to perform a valid fit of the characteristics and determine the
values of the model parameters. Without additional knowledge about the appropriate mobility
model, a valid fit is hardly possible, because different µ(F,n) dependencies or different trap
distributions, respectively, might result in the same j-V characteristics (cf. e. g. section 2.3.6.4).
In all cases, variation of the device thickness d and temperature T are required to verify the
selected fitting model, fitting the whole set of variations with one set of parameters (see e. g.
[4, section 4.1.4]).
∗ i. e. the exponent in j ∝V n
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Self-heating of devices
The electric current in a device with finite resistance causes thermal heating (or “Joule heat-
ing”) of the conducting material, with a power of P = I ·V , where I is the electric current. In a
thin film device, this relation translates into the area-normalized form
p = j ·V , (2.51)
where p is the power per area. The generally positive temperature coefficient of conductivity
in organic semiconductors can lead to a self-amplification of current due to the “self-heating”
effect, if measuring the sample at constant voltage.[151] If the heat conductivity of the device
and its fixture is capable to secure the dissipation of this heat, a new equilibrium at a tempera-
ture slightly above the externally measured setpoint temperature is reached. At higher voltages,
in contrast, a regime is reached where a stable equilibrium does not exist, leading to thermal
break-down of the devices. Measurements must always be performed in the equilibrium case,
but even then is the microscopic temperature in the layer under investigation unknown. How-
ever, the macroscopic device temperature, which is measured at the surface of the device, is
monitored and allows for a reproducible measurement. For physical interpretation of temper-
ature dependent characteristics, possible deviations due to the local heating must be regarded
as uncertainty of the temperature.
This self-heating effect imposes a device-specific upper limit to the measurable current den-
sity, limiting the experimentally accessible parameter range. Along with the lower limit from
the Ohmic regime, the device design must ensure that the window of accessible current density
is large enough for proper and stable SCLC measurements in a relevant parameter range.
The presence of a self-heating effect which does not saturate at a given voltage can be probed
by a pulsed measurement. In the presence of self-heating, a shorter pulse-length should lead
to a lower measured current. Invariance of the measured current towards the pulse length
indicates an equilibrium and, consequently, a reproducible measurement. This measurement is
possible if other transient processes can be excluded, e. g. because they take place on different
time scales.
2.4.2. Time of flight
The mobility of optically created charges can be determined through “time of flight” (TOF)
measurements.[152; 153] A sketch of the measurement configuration is shown in Figure 2.14.
Charge carriers are created in a semiconductor thin film by illuminating it through a transpar-
ent electrode. High energy radiation or a suitable donor-acceptor interface might be required
to create free charge carriers in an excitonic semiconductor (see section 2.2.4). A parallel op-
posite electrode is biased with a voltage Vbias. Due to the bias, one type of charge carriers
is directly extracted at the transparent electrode, the other type (which is the type of charge
carriers under investigation) is repelled by the transparent electrode and attracted by the op-
posite electrode. If the penetration depth of the incident light α−1 is much smaller than the
material thickness d (α−1 ≪ 10% · d), the charge carrier distribution can be modeled as a 2-
dimensional sheet parallel to the electrodes. This “sheet” moves through the semiconductor
towards the opposite electrode with a velocity of v = µ ·Vbias/d. This movement gives rise to
a current of I = N · e · v/d, where N is the number of charge carriers. After tτ = v/d, the sheet
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Figure 2.14.: Schematic setup for time of flight (TOF) measurements. The
material under investigation (thickness d) is sandwiched be-
tween a transparent (dashed lines) and a solid (bright gray) elec-
trode, which are biased with a voltage Vbias = U . A light pulse
(hν , pulse shape “L.I.”) creates free charges in the material un-
der investigation near the transparent electrode, which are ex-
tracted at the electrodes. The resulting transient current signal
I(t), which is measured as the voltage over a series resistor R,
starts with the light pulse and ends after t = tτ (idealized image
shown).
(Figure from [35] ©Wiley-VCH Verlag GmbH & Co. KGaA. Repro-
duced with permission.)
of charges is extracted and the current signal drops to zero. The mobility of the charge carriers
traveling through the semiconductor is calculated as µ = d2/(V · tτ).
In real devices with a typical film thickness of several µm, the approximation of a sheet
is often not applicable. This is due to the finite penetration depth α−1 and limited thickness
d, mobility dispersion, and electrostatic forces driving the charge carriers apart and turning
the sheet into a distribution along the direction of movement. These effects, including a non-
constant mobility, can be considered in a numerical simulation based on a given µ(F,n) func-
tion, providing simulated I(t) signals which can be compared to the measured signal.
2.4.3. Organic field effect transistors
One of the most common methods to measure µ in an organic semiconductor is in an organic
field effect transistor (OFET) setup.[154] OFETs are comparably simple to manufacture on
re-usable bottom-contact substrates and the measurement implies only an electric DC charac-
teristic and voltage bias. However, the direction of transport is typically parallel to the device
surface and takes place in a thin channel at the interface to the substrate, where the morphol-
ogy might differ from the bulk. Furthermore, the field strength perpendicular to the direction
of current as well as the charge carrier density are higher than in organic solar cells or OLEDs.
In a bottom-gate geometry (see Figure 2.15), the organic material under investigation is
separated from a conductive gate contact, typically made of highly doped silicon, by a thin












Figure 2.15.: Sketch of bottom-gate organic field effect transistors (OFET) in
(a) bottom contact and (b) top contact geometry.
(Figures adapted from [155].)
metal electrodes
Figure 2.16.: Sketch of a staggered electrode structure for an OFET. L is the
channel length, W ′ a fraction of the channel width.
(Figure reprinted with permission from [157] copyright 2005, AIP
Publishing LLC.)
insulating layer, typically made of silicon oxide. By applying a positive (respectively negative)
gate voltage, electrons (holes) are accumulated in the organic material near the oxide. The
increased conductivity is measured as current-voltage characteristic between source and drain
metal contacts which are placed laterally parallel to each other on the substrate or on the
semiconductor under investigation. The metal contacts are either deposited below or on top of
the organic material, resulting in a bottom or top contact geometry, respectively.
Above a threshold gate voltage, the geometry of an OFET determines its performance, as
the current between source and drain ISD is inversely proportional to the distance between the
source and drain contacts (“channel length” L) and proportional to the length of the parallel
edges (“channel width” W ) [156]
ISD ∝ µ ·WL . (2.52)
A staggered geometry is often applied, where comb-like structures of the two electrodes
form an alternating pattern (see Figure 2.16) and the ratio between channel width and channel
length is increased.
2.4.4. CELIV
Another approach to measure the charge carrier mobility in organic semiconductors is “charge
extraction by linearly increasing voltage” (CELIV).[158; 159] A linear voltage ramp is applied
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at the contacts, extracting the charge carriers from the device. From the current response, the
mobility can be extracted similar to TOF measurements. Different charge densities can be
achieved either by doping, or by a photo-excitation pulse prior to the voltage ramp (photo-
CELIV).[129; 160]. Different field strengths can be probed by different voltage slopes. Photo-
CELIV is particularly suitable for devices like solar cells where the creation of photo-charges
is intrinsically facilitated. The evaluation is done by comparing the measured characteristics to
calculated or simulated characteristics, mathematically fitting input parameters like the initial
charge distribution or parameters of the used mobility model.
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2.5. Organic solar cells
In solar cells, the internal photoelectric effect is used to convert optical energy directly into
electrical energy. The conversion is realized by a semiconductor material absorbing the light
by electron excitation over the energy gap, which implies a minimum energy for the incident
light quantum. The energy gap prevents the charge from immediate thermalization and leads
to a strongly reduced recombination rate, as compared to thermalization in an energetic quasi-
continuum of energetically dense states. For efficient power generation, the excited electron
has to be separated from the remaining hole before recombination can take place. In classical
inorganic homojunction solar cells, the separation of excitons is achieved thermally, along with
a potential gradient between two differently doped volumes of the semiconductor separating
the densities of electrons and holes. In organic semiconductors, due to their excitonic nature,
the exciton binding energy is too strong for this way of dissociation to work efficiently. For an
efficient generation of free charges, a heterojunction between donor and acceptor is required,
as discussed in section 2.2.4.[90; 161]
2.5.1. Exciton diffusion towards the interface
Assuming in first approximation a uniform light intensity in the material, the generation rate of
excitons is spatially constant (with different rates for donor and acceptor). The dissociation, in
contrast, is confined to the interface between donor and acceptor, leading to a reduced density
of excitons at this interface. As excitons are uncharged particles and diffusion is the only
driving force, the density gradient induces a directed motion of excitons from the material
bulk towards the interface.
2.5.2. Dissociation of CT states
The CT state created at the hetero-interface between donor and acceptor is still a Coulombically
bound state. To overcome the remaining Coulomb attraction, several mechanisms can be iden-
tified, which will be discussed in the following. The contribution of the different mechanisms
is an ongoing discussion and might strongly depend on the specific system under investigation.
If the offset between the frontier orbitals of donor and acceptor is larger than the energy
required to dissociate the exciton into the CT state, i. e. the energy of the relaxed CT state is
lower than the energy of the relaxed exciton, then the excess energy can contribute to overcome
the Coulomb binding of the CT state. This situation is indicated in Figure 2.12. Visually
speaking, the thermalization of the CT state does not take place on one molecule, but the “hot”
charge carrier thermalizes via states on neighboring molecules, whose energetic position is
overlaid by the Coulomb potential of the geminate charge carrier at the interface.
Similar to the diffusion of excitons towards the interface, a diffusion of charge carriers away
from the interface supports the dissociation of loosely bound CT states. The donor-acceptor
interface is a source of charge carriers inducing a density gradient towards the interface and
consequent diffusion away from the interface.
Additionally the entropy of a charge carrier is increased with increasing distance from the
interface, because at the interface – due to the energy offset – the movement is limited to a half
space, while in the bulk, movement is possible into all directions.
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Another major effect for CT dissociation can arise from the built-in potential of the solar
cell. If the device is designed in a way that an internal field is present at the interface from the
acceptor towards the donor, the field overlays and reduces the Coulomb attraction and supports
the dissociation of the charges. A built-in field can be achieved by suitable contacting of donor
and acceptor, as will be discussed below.
A CT state at the donor-acceptor interface can be created either from an exciton, as dis-
cussed above, or from two free charge carriers, coming into close proximity at the interface.
This differentiation is denoted as geminate (from exciton) or non-geminate (from free charge
carriers) CT state. In analogy to excitons, geminate CT states are generally singlet CT states,
while non-geminate CT states can be singlet (probability 1/4) or triplet.
The relaxation rate of the exciton into a CT state is given by the spatial and energetic over-
lap between the initial and the final quantum-mechanic state. The large energetic difference
between the relaxed CT state and the excitonic state might be sufficient to render the relaxation
into an excited CT state more probable.[60] It results in a transient CT state with a higher en-
ergy and a higher spatial separation of the charges than the relaxed CT state. In this state, the
thermally and entropically driven separation of the charges is more probable than in the relaxed
CT state. This finding suggests that although thermal excitations are not necessarily required
for CT state separation,[113; 162; 163] the relaxed exciton might not play an essential role
in exciton separation, but only in recombination processes. Generally, the details of the steps
and external factors involved in the separation of an exciton are currently under discussion and
subject of ongoing research.[52; 110; 164–168]
2.5.3. CT recombination
Competing with the dissociation of a CT state, two major loss mechanisms of CT states can be
identified: direct recombination and triplet exciton formation. Direct radiative recombination
is generally present and considered one of the fundamentally unavoidable loss mechanisms in
organic photovoltaics.[162; 169] The recombination rate depends on the spatial and energetic
overlap of the involved orbitals.[60] The recombination probability of this path might be re-
duced by a suitable material selection or interface design.[2; 169; 170] The energetic distance
between the HOMO of the donor and the LUMO of the acceptor is limited by the smaller of the
optical gaps of the two materials, and usually even smaller. Radiative recombination through
the CT state is intrinsically a major loss mechanism which cannot be avoided. Trap states at
the interface might further increase the recombination rates as they trap charges at the interface
and reduce the size of the energy steps required for recombination.[171]
In several organic donor-acceptor systems, the energy of the triplet exciton in the donor is
reported to be equal to or even smaller than the CT state energy.[91] This difference gives
rise to an additional recombination path for non-geminate triplet CT states. After creation of
a triplet exciton on the donor (or acceptor), the pair of charge carriers is not confined to the
donor-acceptor interface any more and can diffuse into the donor (acceptor) bulk. Although
it has a long lifetime, recombination is the most probable path by far, because no competing
dissociation paths are accessible. The formation of triplet excitons is reported to be avoided by
delocalization of the charges forming the CT state and, thus, increasing the charge separation
rate above the triplet exciton formation rate.[114]
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2.5.4. Flat and bulk heterojunction
The arrangement of donor and acceptor as separate adjacent layers with negligible surface
roughness at the interface is denoted as “flat heterojunction” (FHJ) or “planar heterojunction”
(PHJ), see Figure 2.17. In this configuration, excitons must diffuse from the bulk of the film to
the donor-acceptor interface and only excitons which are created in proximity to the interface
can be dissociated. The photovoltaically active volume and consequently the photocurrent
density jph directly correlates with the exciton diffusion length in the two materials, if the
layer thicknesses are in the order of the respective exciton diffusion lengths.
With typical exciton diffusion lengths in the order of 10nm and typical absorption coef-
ficients in the range of 105 cm−1, the thicknesses of donor and acceptor layer are limited to
values where a considerable fraction of the incident photons is not absorbed. To overcome this
limitation, the “bulk heterojunction” (BHJ) [172] concept was introduced, where donor and
acceptor are blended in one layer. With an appropriate deposition technique, the two materials
perform a partial de-mixing, forming two separate but interpenetrating phases of donor and ac-
ceptor, as can be seen in the TEM pictures on two different scales in 2.18 and in [48, Figure 6].
In this geometry, the optimum size of the phase-separation features is given by the exciton
diffusion length. The thickness of the blend layer is independent of the diffusion length and
only limited by the charge transport towards the electrodes. This way, a high light absorption
and exciton separation yield can be achieved. This leads to an essentially higher photocurrent
density than in flat heterojunction devices.
After exciton separation, the holes are situated on the donor phase and the electrons are
situated on the acceptor phase. Accordingly, the hole transport in a BHJ takes place along
percolation paths on the donor, and respectively electrons on the acceptor. Because dead-ends
and “detours” cannot be avoided in such a randomly-forming interpenetrating network, the
density of these detrimental features should be minimized by increasing the feature size of the
de-mixing,[48] such that the optimum feature size is limited by the exciton diffusion length.
Further optimization can be achieved by a spatial gradient of the mixing ratio.[173; 174]
To describe the charge carrier energies in a donor-acceptor BHJ layer in the one-dimensional
single particle picture, the blend is modeled as one effective material with the LUMO value of
the acceptor and the HOMO value of the donor. This model is not valid for light absorption
and has only limited validity for recombination, however, transport of charge carriers after
separation can be described well in terms of drift and diffusion, using the appropriate effective
values for mobility etc..
2.5.5. Transport layers
To electrically contact the solar cell, interfaces with conducting materials are required, usually
metals or conducting oxides. In a simple geometry where the heterojunction is sandwiched
directly between electrodes (m-i-m stack; metal - intrinsic - metal), excitons are quenched at
the interfaces: Excitons which are created near the contacts have a high probability to recom-
bine, inducing exciton diffusion towards the contacts. This is a major loss mechanism for the
photocurrent generation. When using a BHJ, additionally the selectivity for charge carrier ex-
traction is lost and the direction of photo-current is only weakly induced by the electric field
originating from the work function difference of the contact materials. Free charge carriers of
both types can be extracted at both contacts, introducing a major effective recombination path
for polarons.[31]
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Figure 2.17.: a) Schematic stack sequence of a p-i-n solar cell (left) and real-
ization of the absorber layers in FHJ, BHJ, and hybrid geometry
(from left to right). b) Illustration of the energy levels (disre-
garding level bending and built-in field) in a FHJ, a BHJ, and a
p-i-n solar cell based on a BHJ with transparent large-gap trans-
port materials. The heterojunction could also be realized as a
FHJ or hybrid.
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800 nm
Figure 2.18.: Transmission electron microscopy (TEM) images of blend lay-
ers of ZnPc:C60 (2:1, 40nm), deposited on a substrate with room
temperature (left) and 150°C (right). With elevated substrate
temperature, the de-mixing of the materials can be clearly ob-
served.
Samples by Tobias Mönch, IAPP; measurements by Petr Formánek,
IPF Dresden.
This drawback can be compensated by a “hybrid BHJ FHJ” approach sandwiching the BHJ
between neat donor and acceptor layers.[175] As the interface to the neat acceptor layer con-
stitutes a barrier for holes, they are selectively extracted through the neat donor layer, and
analogously electrons through the neat acceptor.
The exciton quenching issue can be overcome by introducing large gap organic semicon-
ductors between the absorbing layers and the contacts – either instead of the neat donor and
acceptor layers or additionally. They act as transparent exciton blocking layers and electroni-
cally decouple the absorbing layers from the electrodes, maintaining the selectivity for polaron
extraction.
To allow for efficient extraction of the charge carriers created at the heterojunction, the
exciton blocking layers should have appropriate energy levels: At the cathode a material with
an electron transport level equal to the electron transport level of the acceptor acts as electron
transport layer (ETL), and at the anode a material analogously fitting the hole transport level
of the donor acts as hole transport layer (HTL). With a BHJ modeled as one effective layer, the
resulting structure can be regarded as a realization of the optimum solar cell concept suggested
by Würfel, which is shown in Figure 2.19.[15; 176]
The p-i-n concept
A high conductivity of the transport layers can be achieved by appropriate doping, i. e. n-
doping of the ETL and p-doping of the HTL. The resulting cell structure is a “p-i-n” or “n-i-p”∗
stack, where the intrinsic photoactive layers are sandwiched between p- and n-doped transport
layers.[80] The general stack sequence and energy scheme of a p-i-n device are shown in
Figure 2.17.
∗ The sequence in the nomenclature refers to the optical path in the device, i. e. in a p-i-n geometry the illumi-
nation is incident on the transparent anode.
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Figure 2.19.: Ideal solar cell structure as suggested by Würfel.[15]
(Figure inspired from [176].)
The benefit from the doped transport layers is manifold and can be summarized as follows:
• The larger energy gap compared to the absorber materials prevents exciton transfer to
the transport layers.
• Level matching of the transport levels for electrons and holes ensures efficient extrac-
tion of charge carriers from the heterojunction and prevents exciton recombination at
interfaces to the transport layers.
• The wide-gap materials can be designed not to absorb any light in the spectral range
where the solar cell is designed to harvest energy: The optical gap is ideally larger than
the high-energy onset of the absorption range of donor and acceptor or of the incident
light spectrum. This condition ensures that the photovoltaically usable light intensity in
the donor and acceptor layers is not reduced.
• The energy barrier for holes at the ETL and for electrons at the HTL prevents those
charge carriers to reach the contacts, eliminating a polaron loss mechanism.[31]
• By adjusting the thickness of the transport layers, the optical field in the device can be
designed to optimize the cell efficiency, as will be discussed below in section 2.5.6.
• The comparably high conductivity of the doped layers avoids electric losses for the de-
vice efficiency.
• The level bending in the doped transport layers results in ohmic contacts between elec-
trodes and organics, which is valid almost independently of the selected electrode ma-
terial. It allows for an optimum selection of the electrodes with the best suiting optical,
and electrical, and stability properties, without having to obey constraints of the work
function.
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• The Fermi levels in the doped transport layers are pinned near the respective transport
levels. In dark equilibrium with a constant Fermi level throughout the device, a potential
drop over the intrinsic layer(s) is induced with charge carrier density gradients towards
the transport layers enhancing the conductivity.
• The resulting internal “built-in field” is beneficial for charge extraction.[177; 178] It
compensates for diffusion from the high charge densities near the doped transport layers.
In the case of a FHJ, it additionally supports charge separation at the donor-acceptor
interface.
2.5.6. Thin film optics
The optical field distribution in an organic solar cell is determined by the layer sequence in
the optical path of the incident light. The real (n) and imaginary (k) part of the refractive in-
dex of each material determine the diffraction and absorption as a function of the wavelength.
At every interface, part of the incident light is reflected and transmitted. The typical optical
path length of some tens of nm is shorter than the coherence length of sunlight (several hun-
dred nm) and, consequently, the interference pattern of incident and reflected light defines the
optical field distribution in the device. In the case of a non-transparent reflecting metal back
contact, the interference of the incident sunlight with the reflection from the back contact is the
dominating interference mechanism. The resulting intensity distribution is a superposition of a
traveling and a standing wave, depending on the ratio of absorption achieved in the device. In
a multi-layer system, where the optical properties of every layer have to be taken into account,
the intensity along the optical path can be calculated by a transfer matrix algorithm, where
every interface and every layer is represented by a transfer matrix describing the refraction and
absorption parameters.
With this approach, the thickness of the transport layers can be optimized to achieve a max-
imum intensity at the heterojunction and consequently an optimal absorption of incident light:
With organic materials having relatively similar refractive indices among each other, compared
to the inorganic transparent contact material, the interface to the transparent contact makes an-
other dominating reflection. The consequence is an optical cavity between the contacts with
a field enhancement if constructive interference can be achieved. With transparent conducting
transport layers in a p-i-n geometry, the thickness of the heterojunction can be optimized inde-
pendently of its position between the contacts [179] and an optimum trade-off between good
conductivity (thin intrinsic absorber layers) and high absorption (thick absorber layers) can be
achieved.
This kind of optical design and optimization is especially beneficial in multijunction devices,
where the overlap of the optical field maxima for every wavelength range with the best fitting
absorber can be optimized and current-matching between the series connected cells can be
designed.[6]
2.5.7. Current-voltage characteristics and equivalent circuit
An ideal solar cell without illumination has a diode behavior. The selective contacts prevent
injection in reverse direction (i. e. positive voltage at the electron transporting contact), while
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injection in forward direction (i. e. positive voltage at the hole transporting contact) is not hin-
dered. In reverse direction, only a small current can be measured due to the extraction of
thermally created charges, dominated by the volume with the smallest energy gap which in
organic solar cells are the absorber layers and especially their donor-acceptor interface. In for-
ward direction, the barrier-free injection of charge carriers leads to an accumulation of charges
in the device, according to the QFLs being shifted towards the transport levels. Consequently
high recombination rates result in an exponentially increasing current density as a function of
voltage. The ideal diode characteristic is described by the Shockley equation










where jS is the reverse saturation current density. The ideality factor n accounts for the dom-
inating recombination mechanism. It is expected to be n = 1 for bimolecular and n = 2 for
monomolecular recombination or a value in between if both mechanisms are present.[141]
When illuminating the solar cell, an additional DC photocurrent jph is induced, which ide-
ally overlays the diode characteristics. It can be modeled in terms of an equivalent circuit
as a current source with current output jph, which is parallel to the diode and shifts the j-V
characteristics
j idealsolar cell(V ) = j
ideal
diode(V )+ jph , (2.54)
where the photocurrent jph < 0 is a voltage independent current density, which is depending –
usually proportionally – on the illumination intensity I.
j idealdiode(V ) and j
ideal
solar cell(V ) are plotted in Figure 2.22 as thick solid lines.
2.5.7.1. Open-circuit voltage in the equivalent circuit model
Based on the j(V ) relation in Equation 2.54, the open-circuit voltage can be calculated by










If jph ≫ jS, which is valid throughout this work, the summand 1 in the logarithm can be
neglected. With the illumination intensity proportional to the photo-current density jph ∝ I and
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with the proportionality constant I0, which is essentially related to the densities of state at the









is obtained, where I < I0 and consequently the second summand is < 0.
2.5.7.2. Open-circuit voltage in organic solar cells
While Equation 2.58 was originally derived for inorganic solar cells, its validity for organic
solar cells has been confirmed on several levels of detail: I0 can be identified with the re-
combination dynamics at the donor-acceptor interface, where Eg/e is directly related to the
energetic difference between the LUMO of the acceptor material and the HOMO of the donor
material.[146; 180–182] Vandewal et al. derived Eg as the energy of the charge-transfer state
at the donor-acceptor interface, and I0 as a term which is proportional to the squared electronic
coupling of donor and acceptor and the inverse quantum efficiency of the radiative charge-
transfer recombination.[87] Rand et al. have previously identified Eg experimentally with the
effective donor-acceptor-gap Eeffg , i. e. the energetic distance between the EA of the accep-
tor and the IE of the donor, less a constant value accounting for Coulomb interaction.[183]
Nelson et al. derived a relation which is compatible with Equation 2.58 from a generation-
recombination approach, identifying Eg with the energy gap and I0 with a recombination coef-
ficient proportional to the oscillator strength of a sensitizer.[184] In a similar approach, related
to donor-acceptor based devices, Eg was identified with the effective HOMO-LUMO-gap re-
duced at low T by an additional term proportional to the width of the energetic distribution of
the DOS.[185] The value of the ideality factor n is expected to be between 1 and 2, depend-
ing on the prevailing recombination mechanism.[141] Values above 2 are expected for systems
with a high influence from the energetic disorder.[186] The validity of the linear VOC(T ) behav-
ior is reported to be limited to moderate temperatures (i. e. typically not below 200K), however
showing a strong dependence on the specific material system under investigation, as initially
shown for experimental data, [187; 188] and more recently modeled by an interpretation based
on generation-recombination calculations [185] and the energetic barriers at the contacts,[33]
respectively.
2.5.7.3. Generation-recombination dynamics at open circuit
In organic semiconductors, electrons and holes are separated on the two material phases of
donor and acceptor, and charge generation and recombination are confined to the interface.
The open-circuit situation of an illuminated donor-acceptor heterojunction is characterized by
zero external electric current flowing into or out of the device. On a microscopic level, the
steady-state continuity equation describes the equilibrium of charges
∂ j
∂x
= g(x)− r(x) , (2.59)
where g(x) and r(x) are the local charge generation respectively non-geminate recombination
rate per volume. Integrating along x, also the left side is zero, as the external current is zero.
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As a result, the integrated charge generation rate G equals the integrated non-geminate charge
recombination rate R.
At moderate illumination intensity, the generation rate can be assumed to be proportional to
I, i. e. the fraction of excitons undergoing geminate recombination is independent of I.[147]
This assumption is valid for illumination intensities where the exciton density is low enough
that singlet-singlet annihilation is negligible, which is typically fulfilled in solar illumination.
G can be expressed as
G = kexcgen ·ηdiss ·ηsep . (2.60)
Whether ηdiss and ηsep are also wavelength dependent is a matter of current debate along
with the discussion about the “hot CT” dissociation (cf. section 2.2.4). R is a function of
the charge densities np and nn, which have a fixed ratio, according to the volume ratio of
the respective materials donor and acceptor np ∝ nn =: n, though not necessarily uniformly
distributed. The increase of charge density increases the recombination rates, according to
section 2.3.7. The condition G(I) = R(n) can be transformed through equations 2.60 and
2.48 or 2.50, respectively, into the form n(I), i. e. the photo-generated charges increase the
electron density on the acceptor material and the hole density on the donor material. This
can be expressed by the respective QFLs being shifted towards the corresponding transport
levels (cf. section 2.1.7). With ideal contacting of the heterojunction, these QFLs correspond
to the Fermi levels of the respective contacts and the energetic distance between the QFLs, the
QFL splitting, can be directly measured as the open-circuit voltage VOC(I). Ideal contacts in
this sense do not lead to increased recombination at the interfaces, do not make a barrier for
electrons between acceptor and cathode as well as for holes between donor and anode, and at
the same time reflect electrons at the anode and holes at the cathode.[15, Fig. 5.1]
With respect to this ideal case, VOC can be reduced by several loss mechanisms, where
recombination plays the dominant role.[189; 190] Recombination can be avoided by designing
the device appropriately that excited states with low energies do not exist.[191] Trap-assisted
and non-radiative recombination are very efficient recombination mechanisms for excitons and
charges due to their high occupation probability. They reduce G, increasing at the same time
R. They can in generally be avoided or at least reduced, e. g. chemical traps can be avoided by
material purification. Radiative recombination over the optical gap, in contrast, is the inverse
process of light absorption and an intrinsic process of any photovoltaic device. Hence, it cannot
be completely avoided.
At an ideal donor-acceptor heterojunction, the radiative recombination path with the smallest
energetic gap is through the relaxed CT state. This recombination path is regarded as the
major drawback of a heterojunction compared to a homo-junction photovoltaic device (e. g.
inorganic solar cell).[169] It might be mitigated by reduction of the overlap of the HOMO of
the donor and the LUMO of the acceptor.[60; 170] However, increasing the distance of donor
and acceptor (e. g. by bulky side groups at the molecules) is limited, because a certain overlap
of the LUMOs (and/or HOMOs) of donor and acceptor is required to facilitate efficient exciton
separation.
Recombination paths which are confined to the external interfaces of the heterojunction
reduce the QFL splitting at the contacts, and the generation-recombination equilibrium leads to
internal hole and electron loss currents towards the recombination zones.[33; 143; 147] In the
extreme case of an m-i-m solar cell with the BHJ sandwiched directly between the electrodes,
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VOC is limited by the work function difference of the contact materials.[192] In FHJ devices,
in contrast, recombination is confined to the flat interface between donor and acceptor. The
recombination rate is not as strongly depending on the charge density and at high illumination
intensity, a high VOC can be achieved.[193] As a consequence, in an FHJ m-i-m solar cell,
VOC is largely independent of the metal work function.[194] The height of the injection barrier
Φinj is only reflected in whether drift (low barrier) or diffusion (high barrier) drive the charges
towards the electrodes.[141]
In the case of a bulk heterojunction modeled as one effective material, the generation takes
place throughout the material with deviations expected due to the distribution of the optical
field (cf. section 2.5.6) and the resulting absorption profile in the device.[31]
In BHJ solar cells with very low donor concentration, VOC has been reported to be enhanced
with respect to the interpretation discussed above.[195]
2.5.7.4. Maximum power point and fill factor
The maximum power point (MPP) is the ideal working point of a solar cell, where the electric
output power pel = −V · j is at its maximum. It is characterized by a current density and
voltage, whose product is the output power density
pMPP =− jMPP ·VMPP . (2.61)
The fill factor (FF) is the ratio between pMPP and the product of short-circuit density jSC and
open-circuit voltage VOC of a solar cell at given working conditions (temperature, illumination)
FF =
pMPP
− jSC ·VOC , (2.62)
see visualization in Figure 2.20. It is a measure for the efficiency of charge extraction from the
active volume of the device to the electrodes.
The FF is a figure of merit indicating how close the j-V characteristics under illumination
are to an ideal rectangular shape and has direct influence on the efficiency of the solar cell.
The main factors reducing the FF in real solar cells are a low conductivity in the active ma-
terials, other parasitic resistances,[196; 197] a high reverse saturation current density jS (cf.
Equation 2.54), imbalanced mobilities in donor and acceptor,[198] the dominating recombi-
nation mechanism,[199] low charge density in the bulk heterojunction,[141] or non-optimized
contacts, especially energy barriers for charge extraction.[31] Some of these effects can be
modeled as discussed in the following section.
2.5.7.5. Non-ideal organic solar cells
Actual organic solar cell devices generally deviate from the ideal solar cell behavior.[200; 201]
To a limited extent, a non-perfect behavior of a solar cell can be modeled in the equivalent
circuit (Figure 2.21): Shunt effects, which occur in the active area or other parts of the device,
can be modeled as a parallel resistor RP. The Ohmic behavior of the resistor superposes the
ideal characteristics to
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Figure 2.20.: Illustration of the maximum power point (MPP) and fill factor
(FF) of a solar cell. The j-V characteristic yields pel as the prod-
uct of j and V , and the maximum pMPP is found at VMPP. The
working point of the solar cell at VMPP yields jMPP. The FF is
illustrated by the rectangles with the areas pMPP = jMPP ·VMPP
(vertical green hatching) and jSC ·VOC (diagonal gray hatching).
(Figure adapted from [4].)
The non-perfect conductivity of the components of the device – cables, contacts, transport
layers, intrinsic layers, interfaces – can be modeled as an additional series resistor RS, sub-
stituting V by (V −RS · j). The resulting characteristics cannot be expressed analytically as a
j(V ) function; however, they can be calculated by correcting the voltage of a series of data
points, which are determined according to Equation 2.54 or 2.63, adding (RS · j).∗
For the description of realistic organic solar cells, this equivalent circuit model is not always
sufficient and curve shapes sometimes deviate substantially from the diode behavior. Typical
effects are a non-ohmic shunt behavior which can be modeled as voltage dependent RP(V ),
an intensity dependent ideality factor n, inflection points at increasing illumination (S-kink),
voltage-dependent photo-current jph, and a non-proportionality between jph and I. These ef-
fects are typically device-specific and, where relevant for this work, will be discussed in the
respective context.
In Figure 2.22, the effect of the resistors on the power output of the solar cell is illustrated by
displaying the output power density pel =−V · j. The maximum value is reduced by introduc-
ing either RP or RS, and even more reduced by introducing both. This reduction can directly
be attributed to a reduction of the FF .
∗ RS and RP are normalized to the area of the solar cell. Area-independent resistance contributions have to be
multiplied with the device area to be compatible with the equations in this section.
PhD thesis Johannes Widmer 55





Figure 2.21.: Equivalent circuit of a solar cell: A diode represents the ideal
dark characteristic, a parallel current source represents the
photo-current jph, a parallel resistor RP represents shunts and in-
sulation defects, and a series resistor RS represents non-perfect
conductivity. The j-V characteristics when introducing these
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Figure 2.22.: j-V characteristics and output power curves of solar cells based
on the equivalent circuit in Figure 2.21. The ideal diode char-
acteristic is calculated according to Equation 2.53 with n = 1,
the ideal solar cell according to Equation 2.54. For these ideal
devices, the series resistor RS is zero and the parallel resistor RP
is infinite in the equivalent circuit. For the non-ideal devices,
additional terms are added accordingly for RP, RS, and both in
combination. From the power output curve, i. e. the product of
V and j, the reduction of the maximum output power by intro-
ducing the resistors can be seen.
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2.5.8. Solar cell efficiency
The power-conversion efficiency (PCE) η of a photovoltaic device is defined by the fraction of





According to equations 2.61 and 2.62, the influence of the current and the voltage can be




e ·Φ , (2.65)
whereΦ is the photon flux of the incident light and j is the generated current density.[202; 203]
Solar cells work only in a limited spectral region between the low-energy onset of the device’s
absorption spectrum at the optical gap and the high-energy onset of the sun spectrum. Con-
sequently, meaningful data is obtained by the spectroscopically measured EQE(λ ), yielding
information about the wavelength dependence in the relevant range. From a microscopic point
of view, the EQE can be expressed as the product of the quantum efficiencies of the processes
contributing to the current generation
EQE = ηabsorption ·ηexciton collection ·ηdiss ·ηsep ·ηcharge extraction . (2.66)
All quantities in Equation 2.66 are functions of the incident wavelength. ηabsorption denotes
the probability of a photon to be absorbed, ηexciton collection the probability of the absorption
to take place in the photovoltaically active layer and not as parasitic absorption, ηdiss is the
probability for an exciton to be separated, and ηcharge extraction is the probability of a pair of free
charge carriers to reach the appropriate contact. While the first two factors can be optimized
by the device design, the last two factors are – in a well-optimized solar cell – dominated by
basic physical limitations of the donor-acceptor system.[204] They are denoted as the “internal
quantum efficiency”
IQE = ηdiss ·ηcharge extraction . (2.67)
2.5.9. Limits of efficiency
An ideal semiconductor solar cell is characterized by the optical gap of the semiconductor. It
absorbs all photons with energies equal to and above the optical gap and converts them into
electron-hole pairs. A smaller gap size is capable to absorb more photons and the maximum
achievable current density increases with decreasing gap size for a given illumination spectrum.
The open-circuit voltage, on the other hand, is limited by the gap, i. e. reducing the gap also
leads to a reduction of the cell voltage. The electron-hole pairs have a certain excess energy,
arising from the difference between the energy of the incident photon and the energy gap of the
absorber. This excess energy is converted into heat during thermalization of the electrons and,
thus, lost for photovoltaic electricity production. The optimum gap size is a trade-off between
these opposite trends. In an ideal device with complete absorption above the energy gap,
with radiative recombination across the optical gap being the only recombination mechanism,
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and without any additional resistivity or charge carrier loss mechanisms, an upper limit of
approximately η = 30% or η = 34% according to the “Shockley-Queisser” limit (also referred
to as “detailed balance” limit) can be estimated.[15; 205; 206] This limit is valid for a single-
gap solar cell illuminated with non-concentrated sun light, in the case of the former number
approximated by black-body radiation at 6000K, in the latter case by the AM1.5 spectrum
(Figure 2.23).
In multi-junction cells, several photovoltaic devices utilize different fractions of the incident
spectrum at a respectively optimized gap size. This way, thermalization losses can be reduced
and the PCE limit is increased, from 42% for a tandem cell up to 68% as limit for an infinite
number of ideal junctions and 86% if additionally allowing for concentration of the incident
light onto the cell.[207] The latter figure is in agreement with the theoretical thermodynamic
efficiency limit for an exchange of black-body radiation from the sun to an absorber at the earth
surface in an environment of 300K.[15]
For organic solar cells, the excitonic nature of the semiconductors has to be taken into ac-
count. The optical gap is larger than the smallest energy gap for recombination, which is the
CT state energy. Although the latter is not strongly absorbing incident light, this enhanced re-
combination reduces the voltage to a smaller value than the relevant absorption onset. The key







Assuming ∆E = 0.3eV, the efficiency limit for a single heterojunction is expected to be re-
duced by approximately 10% relative reduction compared to the Shockley-Queisser limit.[169]
This effect correlates with the size of ∆E, i. e. a small ∆E should be achieved to increase the
theoretical efficiency limit. According to Würfel’s picture, the exciton splitting at the D-A
interface is efficient if ∆E is larger than the difference of binding energies of exciton and CT
state.[176] The limiting case is the situation where the energy of a pair of free charge carriers
equals the exciton energy. In this case, ∆E equals the exciton binding energy. The latter might
be reduced by increasing the spatial distance and/or delocalization of the constituting charge
carriers.[114; 170]
The best independently approved and reported efficiencies of organic solar cells are currently
12% for a multi-junction∗ device, realized with small molecules,[29] and 11.1% for single
devices (see Figure 1.1). While technical details of these results are undisclosed, the highest-
efficiency disclosed organic solar cell is based on polymer materials in a tandem device with
10.6% efficiency.[161; 208]
2.5.10. Correct solar cell characterization
For solar cells, which are designed to harvest sunlight, the AM1.5 spectrum (cf. Figure 2.23)
[209] at standard reporting conditions (SRC) defining a junction temperature of 25°C [210]
is used as reference to measure reproducible values and to compare devices. It is an artificial
spectrum with an intensity of 100mW/cm2 representing the solar irradiance spectrum at the
surface of the earth on a sunny day under an illumination angle where the path through the
∗ in this case triple-junction
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Figure 2.23.: The AM1.5 standard spectrum.[209]
atmosphere air mass (AM) is 1.5 times the path of perpendicular penetration (approximately
48°).
For solar cell characterization in a lab, a “sun simulator” light source is used which creates
a spectrum similar to AM1.5. The intensity of the simulator is typically determined with the
help of a reference device, i. e. a calibrated photo-sensor or solar cell with a known current
Icalib under illumination with AM1.5. To calibrate the measurement setup, the reference device
is placed at the same position as the solar cell under investigation will be measured.
Deviations of the sun simulator spectrum from the AM1.5 spectrum are unavoidable and
they have to be taken into account for a precise measurement. Even if the overall intensity
of the simulated sunlight equals the integrated intensity of AM1.5, deviations can occur, e. g.
the current of the cell is overestimated if the simulated spectrum is higher than the reference
spectrum in a spectral range where the cell has a high EQE(λ ) and vice versa. This correlation
applies for both the reference device and the device to be characterized. If the spectrum of the
sun simulator and the relative EQE(λ ) of both devices are known, the spectral mismatch factor










where I(λ ) is the illumination intensity and the indices indicate “sim” for the sun simulator,
“SC” for the solar cell, and “ref” for the calibrated reference device.[211; 212] The MM is
the factor by which the intensity of the sun simulator has to be reduced with respect to the
intensity at which the reference device produces Icalib. In the solar cell under investigation,
this corrected intensity produces the same photocurrent as would be observed with perfect
AM1.5 illumination. Practically, the sun simulator is set to an intensity where the reference
cells produces Icalib/MM. The described procedure is valid for single-junction solar cells.
Another uncertainty is the determination of the device area. Especially for small lab devices
with active areas in the range of mm2, the contribution of the device edges might have to be
considered.[179; 212; 213] For this case, the illuminated area is defined by placing an aperture
mask with a known area, which is smaller than the solar cell active area, in front of the cell.
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This measurement yields a good value for jSC, although some effect from recombination in the
non-illuminated parts of the devices cannot be avoided. The current-voltage curve of the device
is measured without aperture mask to avoid the generally unknown influence from the non-
illuminated parts, especially on recombination. If required, this measurement can be scaled to
match the correct jSC from the measurement with aperture.
2.5.11. The “O-Factor”
For an estimation of the actual energy yield of a solar cell in application, specific variations
of the illumination intensity, spectrum, diffusivity and angle, as well as temperature variations
should be taken into account. All of them have an influence on EQE(λ ) and η . For outdoor
applications, at least one year should be taken as dataset, to account for seasonal fluctuations.
Often these influences are neglected and η at SRC is multiplied with the accumulated irradi-
ation over the year. However, this estimation can result in considerable error and real organic
photovoltaic devices are reported to yield more than 15% higher energy output.[29] The dif-
ference is generally denoted as the “harvesting factor” or – in the case of organic devices –
“O-Factor”
O =
actual annual energy production
ηSRC ·1year · average illumination intensity . (2.70)
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3. Materials and experimental methods
This chapter provides an overview over the technical details of materials and
experimental methods applied in the work for this thesis. The relevant prop-
erties of the used materials are summarized in the first section. In the second
section, the fabrication of devices is explained and in the third section, the
characterization tools are described. For fabrication and characterization,
also the accuracies are discussed.
3.1. Materials
This section contains details about the used materials. Besides the molecular structures, a sum-
mary of their physical properties and some technical details are provided, which are required
for reproducibility. References to key publications are given as sources for the data and for
examples of application of the materials. The density values are required for the thickness
calculation during the deposition process. They might be estimated values and are given for
reproducibility reasons only (see also section 3.2.1).
Organic semiconductors are classified into matrix materials, p-dopants, and n-dopants, ac-
cording to their use in this work. The active materials in solar cells, i. e. donor and acceptor,
can also be doped, they are subsumed under matrix materials. Information about the used ma-
trix materials is listed in Table 3.1 and the molecular structures are shown in Figure 3.1. In the
table and also in the following, suppliers are identified by a short name, details are listed in
section A.2.1 in the appendix.
The dopants are listed in Table 3.2a and their molecular structures are shown in Figure 3.2.
Throughout this work, the doping concentration for doped layers is given as percentage of
the deposited weight (wt-%). For rate control, the same density as for the matrix material is
assumed and the actual density of the dopant is not required. The actual effective density of the
dopant in the mixed layer is usually unknown, because when diluted in the matrix material, the
effective density might differ from the density of the neat material. Using the same density for
both matrix and dopant material is a pragmatic approach allowing for precise reproducibility
of doped layers without further knowledge about the dopant. For the deposition of dopant-only
layers, which in some devices are used at the contacts, a density of 1.5g/cm3 is assumed.
All matrix materials except for C60, DCV-5T-Bu2244, and F4-ZnPc as well as F4-TCNQ
are purified by vacuum gradient sublimation∗ prior to device fabrication.
As contacts, metals and oxides are used, their relevant properties are listed in Table 3.2b.
ITO is the standard material for transparent contacts. In some devices it is covered by an
additional layer of MoO3.
∗ purification by Annette Petrich, IAPP
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Figure 3.1.: Molecular structures of the used organic matrix materials.
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Figure 3.2.: Molecular structures of the used organic dopants: p-dopants (left)
and n-dopants (right).
Material specific comments
AOB: The n-dopant AOB requires additional activation upon deposition.[84; 244] The ac-
tivation is realized by illumination of the vacuum chamber with a halogen light bulb during
deposition of the doped layer.
F4-TCNQ: The p-dopant F4-TCNQ is a small and highly volatile molecule, resulting in a
number of technical drawbacks. Its usage can lead to contamination of the vacuum chamber
and the subsequent deposition of intrinsic layers in the same chamber might be affected by
unintentional doping from residual dopant molecules.[241] In completed devices, F4-TCNQ
molecules might diffuse in the device and dope nominally intrinsic layers or lead to thermal
stability issues.[239]
ITO: The devices are fabricated on glass substrates which are pre-coated with indium tin
oxide (ITO) by sputtering by the supplier (TFD). The thickness of the ITO layer is 90nm and
it has a sheet resistance of approximately 30Ω/□. Before usage, substrates are cleaned∗ in
ultrasonic baths first of deionized water and second of ethanol, and consequently treated by
oxygen plasma.
Glass: Samples without ITO are fabricated on glass substrates (TFD). The cleaning proce-
dure is the same as for ITO substrates.
3.2. Device fabrication and layout
3.2.1. Layer deposition
The materials are deposited on the substrate by thermal evaporation# in vacuum (see Fig-
ure 3.3) at a base pressure below 10−6 mbar. All materials are evaporated from aluminum
oxide crucibles, except for Au, which is evaporated from a tungsten crucible, and Al from a
∗ cleaning by staff at IAPP
# Most materials sublime, others melt and boil. In the context of this work, the difference is not relevant and
both processes are equally addressed by the term “evaporation”.
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Figure 3.3.: Material deposition via thermal evaporation in vacuum with
thickness monitoring by QCM sensors. The active device area
is defined by the metal contacts on the substrate.
Rough sketch, not to scale. Figure taken from [4].
boron nitride crucible (crucibles from CreaPhys). The crucible is electrically heated, the de-
position rate and layer thickness are controlled by a quartz crystal micro balance (QCM) [246]
allowing for controlling the heating power. The QCM is placed in the chamber to be coated
simultaneously with the sample. The resonance frequency of the QCM is measured. It changes
as a function of the mass m of the material deposited on its surface, where m is the mass per






During deposition, the thickness and deposition rate are monitored in real-time. The rate
can be controlled with a display reading accuracy of 0.01nm/s, the thickness can be controlled
with a display reading accuracy of 0.1nm.
The layer thickness on the QCM and the layer thickness on the sample have a fixed ratio,
given by the positions of the components relative to the crucible. This ratio – the tooling factor
– is determined prior to sample preparation by introducing an additional QCM instead of the
sample and comparing the thicknesses at both QCMs.
Doped layers and blend layers are fabricated by co-evaporation of two materials using sep-
arate thickness controls (see Figure 3.3). A shadow mask is placed directly in front of the
substrate to define the area to be coated. For metal contacts, this mask defines the contact
geometry, which will be discussed in section 3.2.4.
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3.2. Device fabrication and layout
Three tools, which are available at IAPP, are used for device fabrication, one multi-chamber
system and two single-chamber systems:
Multi-chamber system: In the multi-chamber system, separate vacuum chambers are used
for intrinsic, p-doped, n-doped, and metal layers, respectively. These chambers are connected
to a central large vacuum chamber and the connection is closed by a valve during the evapo-
ration process. This way, contamination of intrinsic layers with dopants is avoided. Samples
can be transferred between the chambers by a remote controlled central handling unit without
contact to air. The sample size is limited to 2.54cm× 2.54cm. After completion, the sample
is directly transferred to a glove box without contact to air. The glove box has a dry nitrogen
atmosphere to protect the sample against oxidation and degradation by humidity. First rough
preliminary characterization can be performed in the glove box to detect possible sample fail-
ure or degradation during the following steps before the actual characterization. Consequently,
the sample is transferred in an air-tight container to another glove box for encapsulation (see
below).
Single-chamber systems: In the single-chamber systems,∗ all layers are deposited in one
large vacuum chamber. To avoid contamination of the chamber (see e. g. section 3.1), only
materials are used in these systems which have proven unproblematic in prior tests; samples
with F4-TCNQ are only processed directly before cleaning of the system. The maximum
substrate size is 15.24cm×15.24cm. Using the same sample layout as in the multi-chamber
system, 36 samples can be produced on a 6× 6 wafer in one run. During the deposition, the
wafer rotates horizontally to improve the homogeneity of the layer thickness. Variable parts
of the wafer can be shadowed by partial shutters. It allows for the selective deposition of
material on selected rows or columns of devices. A series of layer thicknesses can be produced
by a “wedging” process: The material is deposited in several steps; step by step, parts of the
wafer are covered (or uncovered) with the partial shutter. This way, the deposition time and
material consumption for the whole series of devices is only as high as for the thickest device.
The single-chamber systems are connected to a glove box, analogously to the multi-chamber
system.
3.2.2. Encapsulation
The devices are encapsulated in the inert atmosphere of the glove box at a single-chamber
system. The encapsulation consists of a glass cavity which is glued# onto the substrate, leaving
a free volume between the active area of the device and the encapsulation (see Figure 3.4). A
moisture getter+ is sticked into the encapsulation within the cavity to avoid humidity, which
might diffuse through the encapsulation glue, degrading the sample.
∗ operated by technical staff at IAPP
# UV cured resin XNR5590 by Nagase [247]
+ by Dynic [248]
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Figure 3.4.: Sectional view of the encapsulation (not to scale).
Figure adapted from [4].
3.2.3. Homogeneity of layer thickness on a wafer
The homogeneity of the layer thickness d on a large substrate is revised by an optical transmis-
sion measurement on a 6× 6 wafer with various thicknesses of a ZnPc:C60 blend layer. The
transmission spectra in the wavelength range (300 ..1100)nm are fitted∗ to a common set of
optical constants, where the layer thickness is the only free parameter. The nominal thickness
dnom, determined by the QCM during the manufacturing process, is compared to the optically
measured thickness dopt obtained from the fitting of the optical transmission data. The general
trend of the nominal thickness is confirmed, showing a linear dependence between dnom and
dopt for all measurements. The slope is approximately 0.9. The deviation from unity might be
an artifact of the used optical fitting routine, which is not capable of accounting for the absorp-
tion from the glass substrate, or due to an inaccurate value of the effective material density of
the materials in the blend layer, or both. To resolve the homogeneity of d over the wafer with
high accuracy, the ratio dopt/dnom is plotted as a function of the distance from the center of
the wafer z (see Figure 3.5). The corner of a 6× 6 wafer has a distance of z = 108mm from
the center, measurement points were taken up to z ≈ 90mm. A maximum of the thickness
is observed at z ≈ 40mm. At smaller and larger distances, the thickness is reduced by up to
approximately 5%. In the corner sample (z≥ 90mm), also deviations of 10% can be expected.
While the observed trends are expected to be valid for all materials, the absolute values
of the deviations might vary from material to material (see e. g. [4]), and even with different
filling levels of the crucible, because the angular distribution of the evaporating material is
expected to be wider if the crucible is fuller. Consequently, an actual correction term for
the thickness cannot be derived and the above discussion can only be an estimation of the
achievable accuracy. As consequence from the investigation, data from the samples in the
corner of the wafer, where the expected deviations are largest, and also from the samples
at the edges of a wafer, are reviewed critically. Corner samples are usually not considered
for quantitative evaluation, and edge samples are only considered if the comparison to other
samples indicates sufficiently small deviations of the thickness. The absolute accuracy of the
layer thickness is additionally affected by the accuracy of the mass density value ρ used during
deposition, which is expected to be better than 5%, though it might be worse for rough layers
respectively blend layers.[249]
In summary, the relative accuracy of the layer thickness can be estimated from the above
measurement as ±5% of the absolute thickness, if corner samples are omitted. Strictly speak-
∗ in cooperation with Philipp Liehm, IAPP
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Figure 3.5.: Ratio of optically measured thickness dopt and nominal thickness
dnom of ZnPc:C60 blend layers at various positions on a wafer with
6×6 samples.
ing, this accuracy is valid only for this specific run of ZnPc:C60 but it can also be regarded as
estimate for the accuracy of other materials.
3.2.4. Device layout
The organic layers are sandwiched between the bottom contact and the top contact. The con-
tacts are deposited in the shape of stripes with widths w1 and w2. The stripes overlap orthog-
onally (see Figure 3.6) and the geometric overlap defines the rectangular shaped active device
area w1×w2.
Standard layout: In the standard layout (Figure 3.6a), four devices of the same size are
manufactured on one sample: Four bottom contact stripes with a nominal width of w1 =
2.54mm each are overlapped by a common top contact stripe with a nominal width of w2 =
2.50mm. The nominal values are derived from the shadow masks used for the deposition of the
devices. The actual size might differ due to manufacturing inaccuracies of the shadow masks
and due to the distance between shadow mask and substrate during deposition. The nominal
device area is w1 ·w2 = 6.35mm2. Optical microscopy measurements∗ of complete devices
yield the actual device area
A = 6.44mm2 . (3.2)
For electrical characterization, the sample can be contacted at the regions of the metal stripes
near the top and bottom edges of the substrate. When using ITO as bottom contact, which has
lower conductivity than metals, an additional metal stripe is deposited on the ITO outside the
active areas to improve its conductivity.
∗ measurement by Nikola Allinger, IAPP
PhD thesis Johannes Widmer 69







Figure 3.6.: Layout of a sample with four devices (active areas) defined by
the overlap of bottom and top contact: a) standard layout and
b) device area variation layout.
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3.3. Characterization
Layout for device area variation: In an alternative layout (Figure 3.6b), the device area
is varied among the four devices on a substrate. The largest device has the same size as in







(device numbering from right to left in Figure 3.6b). The area variation of the devices allows
for verifying the proportionality of current and area, and thus, the validity of the current density
determination as discussed in section 5.4.1.
3.3. Characterization
3.3.1. Electrical characterization
Current-voltage ( j-V ) characteristics are measured with a Keithley 2400 source measure unit
(SMU). The accuracy of the applied voltage and measured current is better than 0.1% in all
measurement ranges.[250] The electrical series resistance of the cables and contacts in the
measurement setup is less than 10Ω.
In this work, the highest accuracy requirements are for the VOC measurement. VOC is in-
terpolated from the two points of a j-V characteristic where the sign of the current density
changes. In this low-current range, the influence of the series resistance on the measured volt-
age is negligible. The j-V characteristic is taken with a step-width of 50mV or smaller. The
resulting accuracy for VOC is ∆VOC ≈ 30mV or better.
3.3.2. Sample illumination
Solar cell samples are illuminated during the measurement with a cold reflector halogen light
bulb (12V, 50W) from a distance of approximately 10cm. The power supply provides the
output voltage with a stability of 2%, which can be regarded as the achievable accuracy of
the illumination intensity when comparing several measurements. The spectrum of the light
bulb differs from the sun spectrum and consequently the intensity of the illumination is not
directly representative for solar cell measurements. To account for the spectral difference,
the solar cells are beforehand characterized at room temperature (RT ) under illumination by
a sun simulator∗ to determine the short-circuit current density ( jSC) under standard reporting
conditions, which is in the following denoted as 1sun intensity. The effective – i. e. mismatch
corrected – intensity of the halogen light bulb is estimated from the jSC at RT under halogen
illumination, assuming that jSC is proportional to the illumination intensity. In ZnPc:C60 solar
cells, the illumination intensity from the light bulb corresponds to an effective intensity of
approximately 1.3suns. For the other materials used in this work, it is similar or lower.
∗ 16S-003-300-AM1.5 by SolarLight
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Table 3.3.: Nominal transmission tnom of the gray filters used for intensity de-
pendent measurements of solar cell characteristics, and the effec-
tive correction factor teff for the illumination intensity using the
respective filter. The difference between the values is an offset of
0.00265 caused by indirect illumination from internal reflections
in the setup circumventing the filters.
For intensity dependent measurements, the intensity of the light bulb is reduced by gray
filters consisting of thin metal films on glass. Their nominal transmission values tnom are listed
in the second column of Table 3.3. The setup including light source, filters, and solar cell is
covered by a box to avoid ambient light to affect the measurement. When placing the box, a
slight increase of jSC is observed, which can be attributed to indirect illumination of the sample
by light scattered at the inner surfaces of the box. This contribution is approximately 0.265%
of the unfiltered intensity and it is independent of the used filter. It can be included in the
evaluation by replacing tnom by an effective transmission teff = tnom + 0.00265. The resulting
teff values are listed in the last column of Table 3.3. The accuracy of the values is estimated
from the linearity of the short-circuit current response of a solar cell (see Figure 3.7 in [4]),
resulting in a relative accuracy of approximately 1%.
3.3.3. Temperature dependent characterization
The encapsulated organic solar cells are placed in a cryostat for characterization (see Fig-
ure 3.7) and illuminated through a borosilicate glass window. The sample is placed on a cop-
per block which is continuously cooled by liquid nitrogen (lN2). The copper block is placed in
vacuum for thermal insulation. The lowest temperature T achieved this way is Tmin = 180K.
Sample temperatures above Tmin can be realized by simultaneous electric heating of the copper
block. For temperatures well above RT , the lN2 supply is stopped. The upper limit of the
temperature range is determined by the stability of the device under investigation, it is usually
in the range of 400K or below. The heating power is controlled by a Eurotherm 2408 temper-
ature controller to achieve a stable setpoint temperature Tset. Tset is measured with a type K
thermocouple which is clamped between the sample and the copper block.
The actual sample temperature at the device Tsample might differ from Tset, because of the













































Figure 3.7.: Schematic sketch of the cryostat used for temperature dependent
characterization.
Figure adapted from [4].
distance from the temperature sensor and the low heat conductivity of glass. Tsample is between
Tset and the ambient temperature: If Tset is below the ambient temperature, Tsample is slightly
above Tset, and vice versa. Without illumination, the ambient temperature equals RT . Under
illumination, the light source brings additional heat input into the system, and the ambient
temperature increases depending on the intensity. This means that for low T , the difference
between Tset and Tsample increases under illumination.
The offset between Tset and Tsample is reproducible and can be taken into account by pre-
vious calibration of the setup: The difference is measured at several temperatures covering
the relevant range of Tset at all investigated intensities (i. e. with all filters). Tsample is mea-
sured with a calibration sample, which is a solar cell with a thermocouple glued directly onto
the active area using heat conducting resin, and the sample is consequently encapsulated with
the thermocouple wires feeding through the encapsulation resin. In the calibration measure-
ment, the calibration function Tsample(Tset, I) is obtained. During the actual measurements, Tset
is measured and controlled, and Tsample is consequently calculated according to the calibration
function. In the following chapters, when T is given, it always refers to the sample temperature
Tsample.
To illustrate the magnitude of the effect, some examples are given: The typical offset for a
solar cell sample at Tset = 180K is 10K without illumination and 20K with full illumination.
Samples which do not require illumination can be mounted with a better thermal contact, in
this case a typical offset value at Tset = 180K is approximately 3K, at RT the offset is zero,
and at increasing T , it takes negative values down to typically −7K at Tset = 400K.
The accuracy of one temperature readout is 1.2K.[251] The measurement of the sample
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temperature implies three readouts (two during calibration and one during the measurement),
i. e. the uncertainty would be 3.6K. The accuracy of the calibration is improved by swapping
the temperature readout devices, re-reading the temperatures of the two sensors, and averaging
the differences at each measurement point, thus reducing the relative error of this measurement.
The resulting overall accuracy for Tsample is estimated to 3K. This is the relative accuracy,
which is valid for the comparison of measurement points from the same setup. The absolute
value might be additionally affected by the fundamental accuracy of type K thermocouple
measurements, which is in the range of 1.5K.[252] In summary, the absolute accuracy of
Tsample is better than 5K, the relative accuracy better than 3K.
3.3.4. UPS
The ionization energy IE of organic materials, which is especially relevant for the donor mate-
rials in chapter 6, is measured by ultraviolet photo electron spectroscopy (UPS).∗ The organic
material under investigation is deposited on a gold foil substrate. The UPS measurement is
performed in vacuum, the measurement chamber is attached to the multi-chamber tool (see
section 3.2.1), i. e. samples are transferred from fabrication to characterization without contact
to air. The sample is illuminated by a helium plasma discharge lamp emitting ultraviolet (UV)
light with a photon energy of 21.22eV. When transferring their energy to electrons in the high-
est occupied orbitals, their energy is increased beyond the vacuum level and the excess energy
is available as kinetic energy. The kinetic energy of the electrons which are emitted from the
illuminated sample is resolved by a hemispherical analyzer and a multi-channel electron multi-
plier for electron detection. The IE of the material under investigation can be determined from
the high-energy onset of the signal (cf. section 2.1.3.2). The measurement is surface-sensitive
with a penetration depth of few nm, which is limited by the strong interaction of electrons with
the material and the consequently small mean free path.
The achieved accuracy at the used tool is 50meV. Further details and evaluation are dis-
cussed in Refs. [58; 105].
∗ all measurements performed and evaluated by Selina Olthof or Max Tietze, IAPP
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4. Simulations
For an in-depth understanding of devices, numerical simulations are per-
formed along with selected experiments to analyze the mesoscopic origin
of macroscopically observed phenomena. Two tools are used for these sim-
ulations: The “SCLC tool”, which was developed as part of this thesis, and
the well-established “OSOL simulation” software by Wolfgang Tress. These
simulation tools and the used models are discussed in this chapter. The dis-
cussion is completed for the SCLC tool with a description of the algorithm and
sample calculations. Further simulation results will be discussed along with
the respective experiments in the following chapters.
4.1. SCLC tool
For the determination of the j-V characteristics of space-charge limited currents with an ar-
bitrary mobility function µ(F,n), numerical calculations are required. For this purpose, the
software “SCLC tool” is developed. It enables the quick calculation of the SCLC character-
istics for a given mobility where an analytical solution or approximation is not available. In
comparison, the more complex “OSOL simulation” aims at simulating far more complex de-
vices and requires a large set of material parameters and computation time. For many SCLC
calculations, most of these parameters are not necessarily relevant. Consequently, a software
is developed which suits exactly the needs of SCLC calculations.
4.1.1. Model
The calculation is based on the drift and diffusion equations discussed in section 2.3.5. The
transport is regarded as a one-dimensional problem in the direction of current, where x is the
spatial coordinate and the transport is assumed as entirely dominated by the majority charge
carrier species.
As input, a relation for the majority charge carrier mobility
µ = µ(F,n,T ) (4.1)
is used, which can be given as a function of the electric field F and the majority charge carrier
density n. The temperature T is always assumed not to change for one simulation. Traps are
not included explicitly. They can be modeled implicitly by an appropriate effective µ(F,n)
function.[119; 133; 139; 253; 254]
The simulation is based on the following set of equations:
• The current density j is described by the transport equations according to section 2.3.5.
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• The charge carrier density is connected with the gradient of the field strength through
Poisson’s Equation 2.35.




is implicit in the assumption of a spatially invariant j.
The calculation is done for drift-only transport. To estimate the quality of the result, the dif-
fusion term is calculated, in particular to obtain information in which spatial range the meso-
scopic results are reliable.
• The diffusion constant D is by default calculated from µ with the Einstein relation,
Equation 2.31.
The calculation is limited to a single intrinsic layer, i. e. injection and extraction are not
modeled. To compare the j-V curves to experimental data, the injection characteristics have
to be known separately, or the injection and extraction contacts are low-Ohmic and, thus,
negligible. Alternatively, a measurement approach independent of an injection barrier can be
chosen, as e. g. discussed in section 5.2.
4.1.2. Calculation strategy and algorithm
The strategy for the calculation of j-V characteristics differs in a central point from some other
simulation tools: The current density j value is given and the corresponding voltage value
V is calculated, instead of giving V and calculating j. This inversion leads to a substantial
simplification of the mathematical problem: Because the current density is constant throughout
the device j(x)≡ j, it can be regarded as a known constant, reducing the number of quantities
which need to be determined. In the single-carrier case, the remaining unknown quantities are
n(x) and F(x). Other quantities, especially the potential Φ(x), can be calculated from these
two. The algorithm is described in the following paragraphs and illustrated in Figure 4.1.
Boundary conditions: Two boundary conditions are required to mathematically define the
situation. The first boundary condition is the potential at the injection contact, which is defined
as Φ(0nm) = 0V. As second boundary condition, either F or n at the injection contact has
to be known. The SCLC situation is characterized by a non-negligible charge carrier concen-
tration in the bulk of the material. According to Poisson’s equation, this implies that |F(x)|
is increasing with increasing x. The sign of F is positive for hole transport and negative for
electron transport. According to the transport and continuity equations, this implies a decreas-
ing charge carrier density n(x) from the injection contact to the extraction contact, i. e. a high
charge density n at the injection contact at x = 0nm, for the special case of a constant mobility,
this situation is illustrated in Figure 2.13. Because j is limited by the space-charge, i. e. the
bulk of the material, injection can be regarded as sufficient to always provide more charge car-
riers than can be carried into and through the bulk. This implies that n(0nm) can be set to an
arbitrarily high value, or analogously that |F(0nm)| can be set to an arbitrarily low value, pro-
viding the second boundary condition. The precise value turns out to be irrelevant, according
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Figure 4.1.: Flow-chart of the calculation strategy used by the SCLC tool.



























Figure 4.2.: Comparison of the behavior of the charge density n near the in-
jection contact when setting different values for the field strength
at the injection contact F(0nm). Within the first nm, all calcula-
tions lead to the same characteristic which is in agreement with
the Mott-Gurney model, according to Equation 2.38. The parame-
ters for the simulation are µ = 10−5 cm2/Vs and j = 10mA/cm2.
A value of F(0nm) = 100V/cm is considered as sufficiently pre-
cise and will be used in the further calculations, see Figure 4.3.
to the following reasoning: Decreasing |F(0nm)| below a certain level, i. e. increasing n(0nm)
above a certain level, does not influence the resulting current-voltage characteristic, because
then the slope of n(x) at the injection is steeper within fractions of the first nanometer, but the
further devolution is only negligibly influenced. This behavior is shown in Figure 4.2. Fur-
thermore, in the context of organic semiconductors, only x values in the range of a molecular
mono-layer (in the order of nm) and above are relevant.
First step – solving the drift-only problem: With the given values for j and F(0nm), and
known µ(F,n), n is determined through the transport equation. The transport equation can
be an implicit equation with n appearing both as explicit variable and as possible parameter
of µ(F,n) and is in this case solved iteratively. After µ(0nm) and n(0nm) are determined,
in the next step the increase of F towards the next iteration step is determined from n through
Poisson’s equation, yielding F(∆x) with |F(∆x)|> |F(0nm)|. The charge carrier density n(∆x)
can be calculated from the transport equation, yielding n(∆x)< n(0nm).
Second step – assessing the solution accounting for diffusion: The negative gradient of
the charge density induces a diffusion current jdiff. The ratio j/ jdiff is calculated to allow for
an estimation of the quality of the result. For a mesoscopic evaluation, only those data points
with a ratio ≫ 1 should be regarded.
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4.1. SCLC tool
Third step – check discretization accuracy and adapt step width: With all parameters
known at x = ∆x, the accuracy of the discretization can be estimated. If any value has a
gradient above an upper threshold (typically 5% per step), the step-width ∆x is reduced and
the first and second step are re-computed with the new ∆x value.
Iteration loop: With all parameters known at x = ∆x, the calculation of the next iteration step
can be done according to the first step. If all values have changed less than a lower threshold
(typically less than 1% per step), ∆x is increased for the next iteration. The calculation is
interrupted if the required layer thickness di is reached: x≥ di.
Electric potential and voltage: The electric potential at any position x in the device can be




F(xˆ) dxˆ , (4.3)






∆kx ·F(xk) , (4.4)
where xk is the position and ∆kx the step width of the kth discretization step. The voltage V
over the whole layer is Φ(di).
4.1.3. Discussion of the algorithm
One key feature of the used algorithm is that the solution evolves from the injection contact to
the extraction contact and that a reaction in the device in backward direction does not need to
be considered. From a physical point of view, this strategy implies the approximation that the
charge carrier density at the extraction contact is arbitrary and not influenced by the contact
realization. This assumption is valid if the current throughout the device is drift-dominated
and diffusion plays a minor or negligible role. This condition is usually fulfilled in SCLC
scenarios, at least in a spatial range which has a certain distance from the contacts, as will be
discussed in chapter 5.
The advantage of the strict spatial progressing of the algorithm is that the calculation is
independent of the device thickness, i. e. the calculation of a series of devices with varying di
is simply achieved by simulating the thickest device and extracting the other thicknesses from
the Φ(x) characteristic according to Equation 4.4.
4.1.4. Test calculations
To test the functionality of the script, calculations are performed for cases where analytic
solutions or approximations are available for comparison.
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4. Simulations
Constant mobility As first step, µ is assumed independent of n and F to demonstrate the
equivalence with the Mott-Gurney equation. The mobility is set to µ = 10−5 cm2/Vs and
ε = 5.8 is assumed. The comparison is displayed in Figure 4.3. It shows excellent agreement
of the results from the numeric SCLC tool with the analytic Mott-Gurney solution.
Field activated mobility To demonstrate the effect of a field dependent mobility, the j-V
characteristics with µ(F,T ) are calculated with the SCLC tool using the simplified Poole-
Frenkel type field activation according to Equation 2.25 with the following parameters:




The resulting curves are shown in Figure 4.4 and compared to the curves according to the
Mott-Gurney Equation (neglecting the field activation) and the Murgatroyd Equation 2.41 (ap-
proximation to the field activated case).
As expected, the j-V characteristics show a positive deviation from the Mott-Gurney equa-
tion at increasing voltage. The agreement with the Murgatroyd approximation is very good.
4.1.5. Conclusion and outlook
The SCLC tool can be used to calculate j-V characteristics of SCLC and to obtain detailed
in-layer parameters for any analytically given µ(F,n,T ). It allows for the evaluation of SCLC
curves without elaborate investigations of other material parameters than required to build the
optimized devices. Details about the energy gap, injection, energetic disorder, or traps are not
modeled. For comparison with the experiment, possible effects from these influences have
to be incorporated on a different level. Comparability regarding injection can be achieved by
either comparing to well optimized single carrier devices, or by a measurement approach where
the influence of injection is compensated, or by extrinsic modeling (e. g. regarding injection
as a series connection with a second device). Material specific issues can be accounted for
by including their influence in the mobility model (e. g. a charge density dependence of µ to
model energetic disorder or traps).
4.2. OSOL simulation – a comprehensive multilayer
drift-diffusion simulation
For the simulation of multilayer devices, the “OSOL simulation” software by Wolfgang Tress
et al. is used.[32] It is based on the drift and diffusion equations and allows for calculation
of more complex devices consisting of several layers, including majority and minority charge
carriers and fully accounting for diffusion.
In a statistical drift-diffusion approach, charge carriers are either trapped (immobile) or free
(mobile with a given mobility). Several material layers are modeled by their electron and
hole transport levels, electron and hole mobilities, and recombination mechanism. Doping is
modeled as additional free charge carriers along with an immobile background charge density
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Figure 4.3.: Top: j-V characteristics calculated with the SCLC tool (sym-
bols) for a constant mobility of µ = 10−5 cm2/Vs compared to
the Mott-Gurney Equation 2.40 (thick dotted lines). Below: Spa-
tially resolved transport quantities extracted at j = 10mA/cm2
(solid red lines) compared to the analytic solution (equations 2.37
to 2.39) (thick dotted lines).
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Figure 4.4.: Top: j-V characteristics calculated with the SCLC tool (sym-
bols) for a field activated mobility according to Equation 2.25
with µ0 = 3 ·10−8 cm2/Vs and γ = 0.01

cm/V compared to the
approximation from the Murgatroyd Equation 2.41 (thick dash-
dotted lines). Below: Spatially resolved transport quantities ex-
tracted at j = 10mA/cm2 (thin solid red lines) and the curves ob-
tained from the Murgatroyd equation and the used mobility model
(thick dash-dotted lines). In all graphs, the Mott-Gurney charac-
teristics (i. e. field independent mobility) from Figure 4.3 (dotted
lines) are shown again for comparison.
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4.2. OSOL simulation – a comprehensive multilayer drift-diffusion simulation
from the ionized dopants. Charge densities of both free and trapped charges are calculated by
a statistical approach following Fermi-Dirac or Boltzmann occupation statistics. Additional
recombination mechanisms can be optionally taken account of. Both drift and diffusion are
implemented as transport mechanisms. Energy level bending and space-charge are, conse-
quently, implicit through Poisson’s equation. The contacts are assumed to be metals obeying
thermionic injection into the organic semiconductor. The dimensionality is reduced to a one-
dimensional calculation in the direction of current perpendicular to the substrate between the
electrodes.
To describe transport in a device, the differential equation system is used as described in
[255, p. 105ff]. A steady-state solution is calculated separately at every given voltage. The
“OSOL simulation” has proven to provide reliable results for both passive devices (like single
carrier devices) and solar cells.[31; 143; 198; 255]
The simulations with the OSOL simulation, which are used for this thesis, are performed in
cooperation with Wolfgang Tress (section 5.2.3) and Janine Fischer (others).
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5. Charge transport characterization
in organic semiconductors
The transport of electric charges is the fundamental process of any elec-
tronic device. The correct description and understanding of this transport
is the basis for device modeling, simulation, and optimization. In this chap-
ter, transport is characterized by means of space-charge limited current
in single carrier devices. The proper design of such devices is discussed.
Based on the usual evaluation of j-V curves, typical issues are named. To
overcome these issues, a novel evaluation strategy is introduced, based
on the variation of the thickness of the device. At a given current density,
the thickness-voltage characteristic allows for a spatial mapping of the elec-
tric potential. Subsequent calculations reveal the mobility, quantitatively
resolving field dependence and charge density dependence. The valid-
ity of this approach is demonstrated with simulated data and consequently
applied to experimentally obtained data from materials and blends used for
organic solar cells.
Parts of this chapter have been published in Ref. [1].
5.1. Design of single carrier devices
Single carrier devices have the potential for the characterization of electronic transport in thin
film devices of organic semiconductors perpendicular to the substrate, which is the typical
mean direction of current in applications like solar cells or light emitting diodes. They can be
fabricated the same way and with the same tools as these applications. The characterization
is possible at voltages and current densities which are in the same range as these applications,
i. e. also the field strength and charge density have pertinent values. A single carrier device is
designed in a way that only one type of charge carriers – either electrons or holes – dominates
transport, i. e. the transport properties of this type can be probed selectively. It is referred to
as the majority charge carrier, while the other one as minority charge carrier, illustrating the
typical proportion of carrier densities of the two types. In an electron-only device, the cathode
is the injecting contact and the anode is the extracting contact, and vice versa in a hole-only
device. Symmetrical devices can be operated in both directions, i. e. both contacts can act as
injecting or extracting contact, while asymmetric devices typically have an optimized injection
contact.
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5.1.1. General design requirements
An single carrier device must fulfill a number of requirements to allow for reliable and mean-
ingful measurements:
• Selective injection contact: At the injection contact, the majority charge carriers are
easily injected without a major energy barrier. The small size of the barrier, if any,
ensures that only majority charge carriers are efficiently injected. In the case of a sym-
metric device, the injection of minority charge carriers is avoided. The barrier is ideally
zero or at least smaller than half of the energy gap of the semiconductor to ensure that the
Fermi level near the contact is close to the transport level of the majority charge carriers.
• Selective extraction contact: At the extraction contact, the majority charge carriers
can leave the device without a notable energy barrier. The injection of minority charge
carriers, in contrast, is prevented by a large energy step.
• Low minority carrier concentration: The concentration of minority charge carriers is
low. Injected minority charge carriers are avoided by injection barriers as discussed in
the previous points. The density of intrinsic charge carriers, which are always present
in thermal equilibrium, is low if the energy gap (or the effective energy gap in blend
layers) is large enough or the temperature is low enough. If the energy gap is small and
the temperature is high, the density of minority charges is only small if the density of
injected majority charge carriers is high, i. e. the Fermi energy is close to the transport
energy of the majority carriers. As a consequence, in the latter case, only measurements
at sufficiently high current density yield reliable data.
• Stability: The devices are stable under all required measurement conditions. For char-
acterizing transport via space-charge limited current (SCLC), high current density is an
important benchmark. The stability includes morphological stability as well as chemical
stability. Morphological changes might be induced at high current density due to local
heating of the material. Chemical degradation is often related to high charge carrier
or exciton densities, because ions and excited molecules tend to be more reactive than
neutral molecules.[256]
• The devices have a high R in the Ohmic regime. (Details are discussed below in sec-
tion 5.1.3.)
In a thin-film geometry, a layer of the material under investigation is sandwiched between
the contacts. The contacts are usually inorganic, either metal or ITO, and metals are typically
preferred due to their higher conductivity. If the material under investigation forms a direct
junction with the metal contacts, the stack is abbreviated as m-i-m. In this nomenclature,
m stands for “metal” and i stands for “intrinsic”, because the material under investigation is
nominally undoped throughout this work. If additional doped injection or extraction layers are
introduced between metal and intrinsic layer, this abbreviation is adapted by replacing the m by
a p (for a “p-doped” layer) or by an n (for “n-doped”). The resulting stack designs are named
p-i-p or p-i-m for hole-only devices, and n-i-n or n-i-m for electron-only devices. Asymmetric
devices – i. e. devices with different Fermi levels at the interfaces of the intrinsic layer – are
known to show a built-in potential VBI between these interfaces,[257] resulting in a built-in field
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Figure 5.1.: Illustration of single carrier devices in a) m-i-m and b) p-i-p ge-
ometry. The stack sequences are illustrated, x is the spatial co-
ordinate in the direction of current and di is the thickness of the
material layer under investigation. On the right side, the energy
levels of the used layers (metal, p-doped semiconductor, and in-
trinsic semiconductor) are illustrated qualitatively for c) the m-i-
m device and d&e) the p-i-p device. The energy levels displayed
indicate the situation c&d) in insulated material without contact
between the materials and e) as a sketch illustrating the energy
level bending when bringing the materials into contact.
FBI inside the layer. The existence of a built-in field, however, might distort the measurement
result, especially when measuring a material with a field-dependent mobility. It affects not
only the transport in the bulk but also the injection of charge carriers and cannot be easily
corrected from the measurement data. As a consequence, in the following only symmetric
(i. e. p-i-p, n-i-n, and m-i-m) devices are investigated. This situation is exemplarily illustrated
for hole-only devices in Figure 5.1 and will be followed throughout this work.
5.1.2. Single carrier devices for space-charge limited current
Space-charge limited current (SCLC) is an important phenomenon to experimentally separate
the charge carrier mobility from the charge carrier density and the electric field in transport
characterization measurements (section 2.3.6). However, SCLC is only achieved above a cer-
tain threshold current density, when the current is dominantly carried by injected rather than
“background” charge carriers. “Background” in this sense denotes the charge carrier density
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nb present in the device at zero external bias. It originates from thermal excitation of charge
carriers over the energy gap, the diffusion of charge carriers from the contacts, or from inten-
tional or unintentional doping. The lower limit of nb is the thermally generated density ni. It is
created by thermally exciting electrons above the energy gap of the semiconductor, according
to the Fermi-Dirac distribution (section 2.1.6). It can be overlaid by diffusion of charge carriers
from the contacts into the intrinsic layer, which can be described in terms of a level bending
near the interface (section 2.2.2 and Ref. [257]). The minimum of nb(x) is in the middle of the
intrinsic layer, where x is the spatial coordinate in the device in the direction of current.
5.1.3. Ohmic regime
At low external voltage, the density of injected charge carriers according to section 2.3.6 is
much smaller than nb and the current density is dominated by the conductivity σ(x) = e ·
nb(x) ·µ(x). µ(x) = µ(F(x),n(x)) is the charge carrier mobility at the field strength F(x) and
charge carrier density n(x) which are present at the respective position x. The resulting current-
voltage ( j-V ) characteristic is described by j = V/R, where j is the current density and R is







where di is the thickness of the intrinsic layer and the injection contact is at x = 0.
At low voltage, the influence from the external field on R is negligible and R is constant
with respect to V , i. e. the j-V characteristic is linear. This situation has been widely observed
in p-i-p and n-i-n devices, as reported previously, e. g. in Ref. [4], and seems to be typical for
single carrier devices comprising doped layers.
At higher voltage and current density, the injected charge carrier density increases beyond
the background density and the j-V characteristic slope increases, forming the transition to the
SCLC regime. In the SCLC regime, the density of injected charge carriers is much larger than
the background density and the j-V characteristics can in good approximation be regarded as
the SCLC characteristic.
The presence of the Ohmic regime results in an additional point for the list of requirements
in section 5.1.1:
• The resistance of the Ohmic regime R must be high enough to allow for space-charge
dominated current within the range of current densities, which are relevant for charac-
terization and where the single carrier device is stable at the same time.
5.1.4. Design of injection and extraction layers
As prototype material system for the following investigations, a blend of zinc-phthalocyanine
(ZnPc) and the fullerene C60 is selected. The two materials are mixed by co-deposition on
an unheated substrate with a volume ratio of 1:1, creating an interpenetrating network with a
phase separation on the scale of few tens of nanometers.[48] The effective gap between the
IE of ZnPc and the EA of C60 is approx. 1.1eV.[3] Blend layers are interesting, because ad-
ditional influences on the mobility, including transport along percolation paths and a different
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Figure 5.2.: Illustration of a hole-only device for SCLC measurements in a
ZnPc:C60 blend. The layer sequence (top) shows the blend layer
sandwiched between hole injection layers consisting of intrinsic
or p-doped ZnPc. The relevant energy levels (work function W ,
electron affinities EA, and ionization energy IE) are shown below.
The blend layer is characterized by the effective gap between the
lower-lying EA, i. e. the one of C60, and the higher-lying IE, i. e.
of ZnPc. The electrode material Au facilitates selective injection
of holes into ZnPc. The C60-free hole injection layers prevent the
injection of electrons.
arrangement of the molecules, have been suggested and reported.[34; 258] This blend is a
widely used donor-acceptor system for organic photovoltaics.[2; 80; 90] The transfer of holes
from C60 to ZnPc is known to be fast and efficient, because the IE of ZnPc (5.1eV)[228; 259]
is approximately 1.3eV smaller than the IE of C60 (6.4eV)[217; 260]. As a consequence, the
hole conduction in the blend is expected to take place predominantly on ZnPc molecules (see
Figure 5.2 top). Analogously, the electron conduction is expected to take place predominantly
on C60.
To probe the hole transport in the blend, holes must be selectively injected into ZnPc, which
makes neat or p-doped ZnPc a suitable hole transport material. The resulting stack and the
energetic structure of the materials are shown in Figure 5.2. Gold (Au) is chosen as metal
contact, because it has a comparably low work function WFAu = 4.6eV∗ facilitating selective
hole injection into ZnPc with IEZnPc = 5.07eV∗ and EAZnPc = 3.34eV.[238] The selectivity
can be further enhanced by p-doping ZnPc. Doping of the injection/extraction layers has the
additional advantage that the conductivity is increased and the parasitic voltage drop over these
layers at high current densities is minimized.
In the following sections, two different dopants, F4-TCNQ and F6-TCNNQ, are tested using
two different design approaches, either a doped ZnPc layer or a thin dopant-only layer, see
Figure 5.3. The results are compared and doping by F6-TCNNQ is selected as the best variant.
∗ UPS measurement by Max Tietze, IAPP
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Figure 5.3.: Good injection by an Ohmic contact is required for good SCLC
devices: A rough sketch of the energy diagram (left) and two pos-
sibilities for realization (right): a doped layer at the metal contact
or a thin neat dopant layer between the metal contact and a nom-
inally intrinsic layer.
5.1.4.1. ZnPc p-doped with F4-TCNQ: device break-down by field-induced discharge
In a first set of single carrier devices, F4-TCNQ is used as dopant in the following stack:
Ag (50nm)
Au (10nm)
p-ZnPc (3wt-% F4-TCNQ, 15nm)
ZnPc:C60 (1:1, di )
p-ZnPc (3wt-% F4-TCNQ, 15nm)
Au (10nm)
Ag (50nm)
with the intrinsic layer thickness di in the range from 300nm to 500nm in steps of 50nm. The
devices are all measured at a series of temperatures, starting with the lowest temperature (see
Figure 5.4), up to a current compliance of jmax = 75mA/cm2 to protect the devices against
current-induced thermal break-down. At the lowest temperature T = 215K, the current-voltage
characteristics show a very pronounced linear regime up to V = 1V, followed by the transi-
tion regime towards SCLC. An SCLC regime with constant slope cannot be reached in the
measured range of current densities, indicating either an injection barrier or a non-constant
mobility.
The j-V curves in Figure 5.4 show that upon increasing T , a transient peak of j evolves at an
electric field strength of approximately F =(6 ..7) ·104 V/cm (corresponding to V =(2 ..3)V).
This peak can be measured reproducibly in the same sample. It is more pronounced at higher
T . However, as soon as the peak exceeds a certain height, the device breaks down: The
resistivity is irreversibly lowered and the j-V characteristic shows an Ohmic behavior with
currents approximately 2 to 3 orders of magnitude higher than before the break-down. The
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Figure 5.4.: Current-voltage characteristics of ZnPc:C60 hole-only devices
with injection layers made of ZnPc p-doped with F4-TCNQ. The
measurements are taken in the order as displayed at step-by-step
increasing T . The observed current peaks are repeatable, as long
as they do not lead to the break-down of the device. The break-
down is observed as an immediate increase of current towards an
Ohmic characteristic, i. e. the device gets shorted.
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break-down might be due to a molecular degradation or re-organization triggered by either the
high current peak or the Joule heat induced by it, or by metal forming a short circuit after
melting from the induced heat. The peak does most probably not originate from any molecular
re-organization mechanism, neither at the electrode interface nor in the material bulk, because
it is reproducible in several measurement cycles in the same device, as long as the device does
not break down. As origin of the observed peak, an electronic process is suggested, e. g. a
field-induced discharge of traps or charges accumulated at an energy barrier.
To further localize the origin of the peak, the measurements at different temperatures and
thicknesses are compared. A correlation between the peak height and temperature can be
observed in the samples with 350nm and 400nm thickness. While at 215K, the feature is
hardly resolvable in the characteristics, the peaks get pronounced and larger at increasing T .
For a quantitative analysis, the charge of the peak would have to be calculated from the integral
over the current-time characteristics during the voltage sweep. In the available measurement,
the resolution of the peak is not high enough (approximately one measurement point in 1.2s)
to do this analysis and the discussion is limited to the qualitative behavior. From the thermal
activation, two scenarios seem plausible: either the discharge is temperature assisted or the
filling of the traps requires a minimum temperature.
In contrast to the other devices, the device with 500nm neither shows a peak nor a break-
down up to above 380K (data not shown). The device with 450nm, on the other hand, does
not show a peak at 235K but breaks down at this temperature while the setup is in compli-
ance mode. Apart from the five devices shown in Figure 5.4, a number of nominally identical
devices were manufactured, which all show similar behavior like discussed above. The tem-
perature of the break-down varies, also the shapes and sizes of the peaks. The voltage at which
the peak is observed is always in the range of (1 ..5)V. The data in Figure 5.4 is a selection to
show the variety of behaviors observed.
The observed behavior is further confirmed by another set of samples comprising a mixing
ratio of 1:2 ZnPc and C60 with different injection layer thicknesses:
Ag (50nm)
Au (10nm)
p-ZnPc (3wt-% F4-TCNQ, dinj )
ZnPc:C60 (1:2, di )
p-ZnPc (3wt-% F4-TCNQ, dinj )
Au (10nm)
Ag (50nm) .
The doped layer thickness dinj is realized with 15nm and 30nm. Also in these samples, stability
shows the same issues as in the 1:1 blend and the devices are typically broken after one or few
measurement cycles at low temperature.
5.1.4.2. Neat F4-TCNQ interlayer: more stable devices
A second approach for the injection layer is using a thin neat dopant layer of F4-TCNQ be-
tween metal and ZnPc. The concept is illustrated and compared to the concept of a doped layer
in Figure 5.3. The stack sequence is as follows:
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The blend layer thickness di is varied from 200nm to 400nm in steps of 100nm. The nom-
inal layer thickness of the dopant layer of 1nm is in the order of a monolayer of molecules.∗
The layer is deposited on the amorphous metal contact at a rate of 1Å/s, where neat monolayer
arrangement of the molecules is unlikely and unordered or Volmer–Weber type layer growth
is expected. The arrangement of the thin dopant layer with consecutive intrinsic ZnPc is rather
regarded as a thin layer (in the order of few nm) of highly doped ZnPc.
The devices comprising this concept show a higher stability compared to the devices with
a blend doped layer. While some of the devices are still prone to thermal break-down, some
withstand current densities of more than 100mA/cm2, which is enough to reach the SCLC
regime. The j-V characteristics of devices can be seen in Figure 5.5. The measurement (sym-
bols) is overlaid by the square-law from the Mott-Gurney Equation 2.40, as expected for ideal
SCLC devices with constant (i. e. field and charge density independent) mobility. The curves
show a small range of square-law behavior in the range of approximately (0.5 ..5)V, the range
is smaller for smaller di.
To account for the thermal activation, the mobility µ(T ) is modeled according to






with the fitting parameters µ0 as mobility pre-factor and ∆ as thermal activation energy.
The largest square-law regime is observed in the device with di = 300nm. It allows for the
most reliable determination of ∆ yielding 358meV. This value is also compatible with the
400nm device. In the 200nm device, in contrast, a lower activation energy is fitted (345meV).
The latter value might be less accurate, because the square-law regime is not well pronounced
in this sample. The consistent value for the thicker samples, in contrast, can be regarded as
more reliable.
Regarding the mobility pre-factor µ0, the situation does not give a consistent picture. The
values from the fit show differences over nearly one order of magnitude, with 5cm2/Vs in
the 200nm device, 19cm2/Vs in the 300nm device, and 45cm2/Vs in the 400nm device.
This strong deviation from the model is equally present when regarding the devices at a given
temperature. In consequence, the used model based on the Mott-Gurney equation is not the
suitable model to fit the square-law regime of the characteristics. At higher voltages, the cur-
rent increases considerably stronger than squared, which might be due to a field-enhancement
∗ The estimation is based on the simplified assumption of a cubic lattice. From the density ρ and molar mass
M given in section 3.1, the lattice constant is calculated as 0.7nm. However, the arrangement of a thin dopant
layer on a Au substrate is probably not cubic and this value is regarded as a mere estimation of the order of
magnitude.
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Figure 5.5.: Current-voltage characteristics (left) of ZnPc:C60 1:2 hole-only
devices comprising three different blend thicknesses di. Injection
is through a 1nm dopant layer followed by intrinsic ZnPc. The
measurement data (symbols) are fitted to the Mott-Gurney equa-
tion (lines) with thermally activated mobility (Equation 5.2). The
resulting parameters are given on the left and µ(T ) is plotted on
the right. The fit yields different values for different di values.
The non-consistent values for µ0 make the applicability of this
fitting approach questionable.
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or charge density dependence of µ . However, a fit with the models for trap-charge dominated
transport as discussed in section 2.3.6.4 is not practicable, because the exponent in the power-
law is not constant (non-constant slope in the double-logarithmic plot). Also, a fit with the
Murgatroyd Equation 2.41 cannot reproduce the transition from the square-law regime to the
steeper regime. Furthermore, it is not possible to distinguish from the data whether the steeper
slope is caused by the SCLC in the intrinsic layer or by a possible injection voltage at the
metal-organic interface at higher current density.
As conclusion, the thermal activation of the mobility ∆ can be roughly estimated to
∆= 358meV (5.3)
but the absolute value of the mobility, i. e. the pre-factor µ0, cannot be conclusively determined
with this approach.
In the following paragraphs, alternative injection layers are tested for their applicability and
compared to the approach presented above.
5.1.4.3. Neat F6-TCNNQ interlayer
In the next set of samples, the dopant F4-TCNQ is replaced by F6-TCNNQ for hole injec-
tion into ZnPc. F6-TCNNQ is reported to act as a dopant similar to F4-TCNQ, comprising
a very similar LUMO energy.[242] Due to the larger size of the molecule, it shows better
processibility, i. e. reduced diffusivity and higher sublimation temperature avoiding chamber
contamination, and long-term stability (cf. section 3.1).
Analogously to the samples with F4-TCNQ, a thin layer of F6-TCNNQ is used to improve
the contact between ZnPc and the metal contact. The dopant layer thickness ddopant is varied
from 0.1nm to 0.3nm, 0.5nm, 0.7nm, and 1nm. The blend layer is omitted and the injection







The device area A is varied between 0.884mm2 and 6.44mm2 as described in section 3.2.4.
With the thinnest injection layer thickness of ddopant = 0.1nm, most devices are short-
circuited and show a current which is not proportional to the device area. With an injection
layer thickness of ddopant = 0.3nm, the situation is changed for the thicker devices di ≥ 80nm,
where currents are proportional to the device area. This can be seen in Figure 5.6, if the curves
of two devices, which differ only in their device area, coincide. In contrast, thinner devices
again show short-circuited behavior, i. e. an Ohmic j-V -characteristic with a current density
which is not proportional to the device area. The curves in Figure 5.6 show the current density
j and the effective electric field F , where F is defined as F = V/(di + 2ddopant) and V is the
voltage applied to the device. In this plot all the curves which are not short-circuited, coincide
in their Ohmic regime, so it is assumed that the currents are not limited by injection but by the
intrinsic material layer thickness di.
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It is assumed that with the thinnest dopant layers (and thin intrinsic layers), the devices
might be short-circuited due to crystallization and island-growth of the ZnPc, which is known
to occur on gold substrates.[261] The crystallites lead to a high surface roughness with areas
between the crystallites which are not covered by ZnPc. On these areas, the top contact is
deposited directly onto the bottom contact, leading to the short-circuit. By increasing the
dopant layer thickness, the crystallization is suppressed due to the weaker surface interaction
of ZnPc with the organic dopant, compared to gold, and a closed organic layer is formed
between the contacts.
When further increasing the thickness of the dopant layer, the proportionality between the
device area and the current is lost. With 1nm F6-TCNNQ, the nominal current density j,
calculated as current I divided by device area A, is much larger for the small device area than
for the large device area, when applying the same voltage (see Figure 5.7 left). Checking the
dependence on the intrinsic layer thickness, it is found that the current in the small area devices
is proportional to the reciprocal device thickness (see Figure 5.7 right), which is expected in the
Ohmic regime. However, the large area devices show a very weak dependence on the device
thickness. This behavior would be expected for an injection limited current, where the voltage
drops over the injection zone and the field in the intrinsic layer is small.
As a conclusion, a thin layer of F6-TCNNQ is not a reliable injection contact into ZnPc for
transport measurements by SCLC.
Mobility estimation from the Ohmic regime: The influence of the thickness of the dopant
layer is investigated in the Ohmic regime of the j-V characteristics in a set of samples with the
same stack sequence as above, but slightly different thicknesses. The thickness of the ZnPc
layer di is varied from 30nm to 90nm in steps of 20nm and the dopant layer ddopant from
0.5nm to 2nm in steps of 0.5nm. The devices show an Ohmic behavior up to a current den-
sity of approximately 15.5A/cm2, i. e. 1A on a device area of 6.44mm2. The device area is
not varied in this run. The Ohmic resistance is fitted for every j-V curve and the summarized
values are plotted in Figure 5.8. The data is displayed with different colors and markers: red
horizontal for device D1 on a sample substrate, blue diagonal for device D2. The two devices
have a distance of 2.5mm center to center, which can be well seen in the measurement by a
constant additional resistance offset of approximately (0.8 ..1.0)Ω. It can be attributed to the
series resistance of the metal contact bar between the two devices (see Figure 3.6). An addi-
tional constant, though unknown, series resistance must be assumed for all the measurement
points because of the metal contact bars on the substrate and their contacting. Regarding the
numbers in Figure 5.8, it has a value of approximately 7Ω. We observe in Figure 5.8a a slight
increase of the resistance of the devices with increasing di and in Figure 5.8b a decrease of the
resistance with increasing ddopant. The measurement points are scattering in a large range and
a clear quantitative conclusion cannot be drawn directly. However, the trends as described are
distinguishable.
From this finding, it is concluded that the current is not only limited by injection and series
resistance, but also by the bulk of the material. The fact that the j-V characteristics are Ohmic
in a large range indicates that the charge density from the dopant layer is capable of carrying
a considerable Ohmic current even within the intrinsic layer. A space-charge limit can only be
observed if the dopant layer is thin and the intrinsic layer is thick at the same time. The large
Ohmic regime suggests a picture where charge carriers from the dopant layers are flooding the
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Figure 5.6.: j-V characteristics of an intrinsic ZnPc layer of varying thick-
ness di, sandwiched between 0.3nm F6-TCNNQ for hole injec-













































































































































































































































































































































Figure 5.7.: j-V characteristics of an intrinsic ZnPc layer of varying thick-
ness di, sandwiched between 1nm F6-TCNNQ for hole injection.
Same data plotted twice: j is plotted as function of the voltage
V (left), and as a function of the nominal field V/di (right). The
point style indicates A, the line color and style indicate di.
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Figure 5.8.: Analysis of hole transport in ZnPc through injection/extraction
layers made of neat F6-TCNNQ. The thickness of the injection
and extraction layers is denoted with ddoped, the thickness of the
ZnPc layer with di. Both thicknesses are varied independently of
each other. The data shown here is from the devices which show
Ohmic behavior up to I = 1A on a device area of A = 6.44mm2,
fitting the Ohmic characteristic with R = V/I. The relation be-
tween R and the layer thicknesses is shown for a) di and b) ddoped
separately, as well as for c) the fraction di2/ddopant. The dashed
lines in c) are linear fits to the respective set of samples omitting
the di = 30nm samples, the slope of which can be related to the
mobility (see text).
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intrinsic region. The picture allows for a semi-quantitative analysis of the data: The dopant
layers are produced with an assumed mass density of ρF6-TCNNQ = 1.5g/cm3. The molar mass




·NA = 2.49 ·1021 cm−3 . (5.4)
Assuming that the charge carriers originating from the dopants are distributed throughout the
device, the resulting average charge carrier density can be calculated as




= (0.28 ..3.2) ·1020 cm−3 ·ηdop , (5.6)





Equations 5.5 and 5.7 can be substituted into the transport equation, yielding in combination
with the Ohmic law I = j ·A =V/R the relation





















The derivative expression is chosen to isolate the influence of the organic device from the
device-independent series resistance of the contacts.
In Figure 5.8c, R is plotted as a function of the denominator di2/ddopant. Again, the data
is quite scattered, however, disregarding the measurement points of the thinnest devices di =
30nm (those are relatively most affected by production inaccuracies), a positive trend can be
observed. It is visualized by the dashed line displaying a linear fit with a slope of approximately
10−4Ω/nm. It can be expressed in terms of a mobility, resulting in a lower limit with respect
to ηdop ≤ 1 of




This result can only be a rough estimate because of the assumption of a uniform n(x), the
scattering data, and the large uncertainty of the slope determination in Figure 5.8c.
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5.1.4.4. ZnPc p-doped with F6-TCNNQ
Analogously to the samples with F4-TCNQ (section 5.1.4.1), also F6-TCNNQ is tested as
dopant for ZnPc by blending the materials to achieve reliable hole injection. This approach is
also tested combining the two approaches with and without an additional dopant layer between
the metal and the doped layer.
The stack for the “1nm dopant” devices is
Au (10nm)
F6-TCNNQ (1nm)
p-ZnPc (2wt-% F6-TCNNQ, 30nm)
ZnPc:C60 (1:1, 200nm)
p-ZnPc (2wt-% F6-TCNNQ, 30nm)
F6-TCNNQ (1nm)
Au (10nm) ,
the stack for the “30nm doped” devices is
Au (50nm)
p-ZnPc (2wt-% F6-TCNNQ, 30nm)
ZnPc:C60 (1:1, 200nm)
p-ZnPc (2wt-% F6-TCNNQ, 30nm)
Au (50nm) ,
and the stack for the “10nm doped” devices is
Au (50nm)
p-ZnPc (3wt-% F6-TCNNQ, 10nm)
ZnPc:C60 (1:1, 200nm)
p-ZnPc (3wt-% F6-TCNNQ, 10nm)
Au (50nm) .
The differences are printed in bold: An additional dopant layer at the metal interface, varying
doping concentration, and a varying doped layer thickness (illustration of stacks: Figure 5.9
top).
The resulting j-V characteristics (Figure 5.9 bottom) show that the additional dopant layer
has a strong influence on the device performance. The “1nm dopant” devices have a very
high conductivity in the Ohmic regime and do not yield SCLC. This behavior is confirmed by
another set of samples with varying intrinsic blend thicknesses up to 680nm (data not shown).
While SCLC is not reached in these devices, it can be well reached with the doped layer only
approach. The “doped layer” devices have a higher-Ohmic regime and a pronounced SCLC
regime above 1mA/cm2. They do not show a discharge peak as when doping with F4-TCNQ,
i. e. the device stability is essentially improved. The 30nm doped layer with 2wt-% doping
concentration shows better reproducibility than the 10nm doped with 3wt-% doping. The j-V
characteristics in the SCLC regime (above 1mA/cm2) are independent of the thickness and
dopant concentration of the doped layer. In all geometries, some devices are unstable and
prone to break-down (e. g. devices D1 and D2 of the “1nm dopant” sample) at higher current
densities or other irreversible transitions (e. g. D3 of the “10nm doped” sample, which anneals
to reproducible behavior after an initially lower resistance). The best yield for stable devices is
achieved in the devices with the “30nm doped” layers. This observation is confirmed and well
reproducible (data not shown).
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Figure 5.9.: Device stacks (top) and j-V characteristics (bottom) of hole-only
devices with p-doped ZnPc injection layers using the dopant F6-
TCNNQ. The line style and color indicates the device architec-
ture, the point style differentiates nominally identical devices on
the same substrate (D1 .. D3).
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injection layer behavior SCLC reached
ZnPc p-doped
with F4-TCNQ
not robust, discharge peak, irreversibly










not robust, irreversibly short-circuited at elevated
current density
no
Table 5.1.: Behavior of different injection layer designs for SCLC devices.
5.1.4.5. Conclusion from injection layer investigation
In the previous sections, different layer sequences with the dopants F4-TCNQ and F6-TCNNQ
were discussed. The most stable behavior is observed for a 0.1nm thin layer of F4-TCNQ
between the gold contact and ZnPc as well as a 30nm ZnPc layer homogeneously doped with
F6-TCNNQ. The results are summarized in Table 5.1.
Regarding the manufacturing of devices, F6-TCNNQ has the advantage that it has a higher
sublimation temperature and is more stably bound in the molecular matrix than F4-TCNQ.
These properties help to avoid chamber contamination and unintentional doping of nominally
intrinsic layers. For this reason, doping with F6-TCNNQ will be applied for the following
measurements.
Compared to F4-TCNQ, doping with F6-TCNNQ does not lead to a discharge peak in the
j-V characteristics. This observation leads to the conclusion that the peak must be related to
the F4-TCNQ doped ZnPc layer, indicating that it might originate from one of the following
reasons: field activation of the doping mechanism of F4-TCNQ in ZnPc, or F4-TCNQ:ZnPc
blend forming traps which can be discharged by an electric field, or a field induced movement
of dopant molecules.
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5.2. Advanced evaluation of SCLC – potential mapping
The evaluation of SCLC data is not always straight forward, especially in materials or material
systems with a mobility function µ(F,n) instead of a constant mobility. SCLC or TCLC is
sometimes attributed to any single carrier device behavior with a super-linear j-V character-
istic. However, the selection of the appropriate fitting model is not trivial, as demonstrated
above in section 5.1.4.2. While – for one given sample – a model fit might yield reasonable
results, a parameter variation can reveal the invalidity of the selected model. For this reason, in
the following section, a measurement and evaluation approach is presented, which includes all
available parameters for the characterization of a given material in single carrier devices, i. e.
• variation of j
• variation of di
• variation of T
all in a range as large as possible. Especially the extensive variation of di and the applied
evaluation algorithm is beyond the current state of literature reports.
5.2.1. Potential mapping by thickness variation
To outline the principle of the potential mapping approach for transport characterization, two
devices with different thicknesses di are compared, one of them with a thickness d1, the second
one thicker d2 = d1+∆d. It is subsequently generalized to a larger number of thicknesses. This
situation is shown in Figure 5.10. Both devices operate at j0. The voltage drop over the thicker
device 2 is larger than over the thinner device 1. The injection and the region with high density
gradients near the injection behave the same in both devices. The potential drop in this region
is denoted with ∆Φinj( j0), which covers the range from x = 0 to x = ∆xinj. Analogously, an
extraction region is assumed with thickness ∆xextr and a voltage drop ∆Φextr. A more detailed
discussion about injection and extraction follows in section 5.2.3.
The range between ∆xinj and di−∆xextr can be well described with the SCLC drift model.
Comparing the situation in both devices at the position d1−∆xextr, it is concluded that the
electric potential Φ(d1−∆xextr) must be equal in both devices, as well as the other transport
quantities. Consequently, comparing V1 the voltage over device 1 to the voltage V2 over de-
vice 2, their difference ∆Φ=V2−V1 equals the potential drop in device 2 between the positions
d1−∆xextr and d2−∆xextr (see Figure 5.10). This allows for the determination of the average
electric field F¯ = ∆Φ/∆d within device 2 in the respective range.
One step further, this approach is applied to a series of devices with different thicknesses.
Given a number of n devices with layer thicknesses di varying in n steps from a thickness
dmin up to dmax, n points of the potential curve within the thickest of these devices can be
reconstructed by measuring V ( j0). This is the first step of the approach called “potential
mapping”. It can be regarded as an experimentally accessible discretization of a certain range
of the potential curve Φ(x) within the thickest device. This curve is extracted without the
necessity for any elaborate assumptions. The only assumptions required are that at constant
j0 the voltage drop over the injection and extraction contact are independent of the device
thickness.
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Figure 5.10.: Potential and charge carrier density within SCLC devices of dif-
ferent thicknesses d1 < d2. dotted lines are a guide to the eye to
connect two points, their shape is arbitrary and has no physical
meaning.
5.2.2. Further evaluation of the transport profile
The knowledge of the spatial potential distribution Φ(x) allows for the derivation of other
quantities: The electric field F(x) is the gradient of Φ(x). As a derivative, it is not affected by
the voltage offset due to ∆Φinj and ∆Φextr. The charge carrier density n(x) can be calculated
from the derivative of F(x) through Poisson’s Equation 2.35. The transport equation allows
the determination of the charge carrier mobility in the drift-only approximation:
µ(x) =
j0
e ·n(x) ·F(x) . (5.12)
If the drift-only approximation is not applicable, the spatial gradient of the charge density




e ·n(x) ·F(x)± kBT ·n′(x) . (5.13)
With a series of suitable SCLC devices, this method allows for a direct measurement of the
complete transport characteristics within the current-limiting material layer. It is capable to
spatially resolve the potential Φ(x), field F(x), charge density n(x), and mobility µ(x).
As discussed above, the coordinate system x is affected by an unknown offset due to ∆xextr,
i. e. the origin of the x axis is arbitrary with respect to the actual position in the device. How-
ever, this offset is irrelevant, because all following calculations are performed on the basis of
this coordinate system, independent of the actual position in the device. Hence, for ease of
discussion, the offset is neglected and
Φ(x) =Φ(di) with x = di (5.14)
is assumed.
Extending the approach to a series of current densities j, the parametrization is accordingly
extended to Φ(x, j) with the derived quantities F(x, j), n(x, j), and µ(x, j). When increasing
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j, the field strength and the charge density are increasing. F , n, and µ are known in a com-
mon range of x and j values. Knowing that the mobility might be a function of the charge





 → µ(F,n) . (5.15)
The mathematical framework of this transformation is discussed in the following paragraph
in a formal way. The actual implementation of the transformation can be performed more
comprehensively with graphical illustration, which will be done in the subsequent sections
where actual data is available.
Formally speaking, the transformation is achieved by setting
µ(F,n) = µ(F(x, j),n(x, j)) = µ(x, j) , (5.16)
i. e. the value of µ for a given pair of parameters F0 and n0 is determined by finding a suitable
current density j, where an x exists with F(x, j) = F0 and n(x, j) = n0. When dealing with
measurement data, both x and j are not measured continuously, but in discrete steps, i. e. the
set of known mobility values µ(x, j) spans a grid in the two-dimensional parameter plane of
the function µ(F,n). Other values within the range of the grid can be determined by inter-
polation between the nearest points. The density of the grid, and consequently the quality of
the discretization and interpolation, depends on the density of x and j values measured. The
density of x values is directly correlated to the number of devices with varying thickness.
5.2.3. Injection into and extraction from single carrier devices
Injection and extraction are an inherent and substantial part of every single carrier device. Al-
though in literature a number of mechanisms are suggested (cf. section 2.2.3), it is in most real
cases not clear which ones are relevant and on which parameters injection depends and what
the exact values of these parameters are, including the influence of disorder, localization of
charge carriers, and other organic-specific properties. However, if a selective injection contact,
e. g. realized by a doped layer, can be fabricated reproducibly for several devices, it can be
assumed that its characteristic Vinj( j) is the same – though unknown – for all these devices. It
is in particular independent of the thickness of the device di:
Vinj(T, j,di) =Vinj(T, j) (5.17)
This condition is generally fulfilled if the transport in the device is unipolar.
Considering the transport situation within the intrinsic layer, starting at the injection contact
x = 0, the quantities n(x) and F(x) are equal in all devices, given they all operate at the same j0.
The transport is not necessarily drift-only, as typical at high charge density gradients near the
injection contact, and it is most probably influenced by the injection contact through diffusion
of charge carriers from doped regions, and/or through an interface dipole. This region, where
the idealized assumptions required for most SCLC models are not valid, is denoted as ∆xinj.
At x > ∆xinj, the transport can be regarded as independent of influences from the contact.
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The size of ∆xinj is generally unknown, but it can be estimated in first approximation from
the calculations with the SCLC tool. As shown in Figures 4.3 and 4.4, near the injection contact
the density gradient n′ = ∂n/∂x is large and the field F small, which implies that the drift-only
approximation is not valid. The contributions from drift and diffusion are typically in the same
order of magnitude at a distance of few nm from the contact, and the drift current is at least one
order of magnitude larger than the diffusion current at a typical distance of x > (15 ..20)nm.
This value can be regarded as typical range for ∆xinj.
The voltage drop summarizing the injection range from the metal contact up to ∆xinj at a
given j0 is denoted as ∆Φinj. The value of ∆Φinj is still independent of di and only a function
of j0, as long as di > ∆xinj.
A possible difference between the devices is the situation at the extraction contact: Here,
both charge carrier density and the electric field are varying from device to device. At the
metal contact, a density of minority charges piles up, which can be described using Poisson’s
Equation 2.35 and considering that within the metal F = 0. This leads to an additional dif-
fusion zone at the extraction contact. The influence of this extraction zone becomes weaker
for thicker devices. The extraction process is spatially limited to a region denoted with width
∆xextr (reasoning analogously to ∆xinj). The voltage drop at the extraction is generally small
and at di ≫ ∆xinj +∆xextr, it can be considered independent of the device thickness.
With regard to the generally unknown values of ∆Φinj, ∆Φextr, and ∆xextr, the exact position
of the extracted Φ(x) characteristic is unknown. This applies both to the spatial position (due
to ∆xextr) and the potential (due to the unknown offsets ∆Φinj and ∆Φextr). However, these
offsets will be shown to be irrelevant. The relevant shape of the curve segment is experimen-
tally quantitatively well accessible through the measurement instruction: The set of samples is
measured with each device at the same current density j0.
Modeling injection and extraction: The situation in a complete p-i-p device comprising
injection and extraction contact is modeled with the OSOL simulation. The simulated device
structure consists of an intrinsic layer between doped injection and extraction layers. The
thicknesses of the intrinsic layers are di = 25nm, 50nm, and 100nm. The doped layers have a
thickness of ddoped = 10nm. The hole transport level of the semiconductor is at 5.2eV below
the vacuum level, the metal work function at 4.3eV. The mobility is 10−6 cm2/Vs. The doping
concentration in the doped layers is chosen low at 0.5%, corresponding to 5 ·1018 cm−3. The
simulations are performed at a constant current density of 50mA/cm2. The results of the
simulation (Figure 5.11) give information about the details of injection and extraction on a
microscopic level.
Injection: As expected, the voltage drop over the injection zone is independent of the thick-
ness of the intrinsic layer di. Comparing the voltage curves leveled at the injection contact, a
difference between the curves is not observed. Deviations from this behavior are only expected
for very thin devices where the extraction zone overlaps with the injection zone. In all thicker
devices, the injection can be regarded as independent of di, as long as the device architecture
(injection layer thickness, doping concentration, etc.) are not changed.
Extraction: From a theoretical point of view, the independence of extraction voltage and
device thickness is generally not fulfilled at the extraction contact. The reason is that the charge
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Figure 5.11.: Drift-diffusion simulation of SCLC in p-i-p single carrier de-
vices with a di of 25nm, 50nm, and 100nm. All devices are
simulated at the same current density j = 50mA/cm2. In the
range up to x = 25nm, the characteristics of all three devices
are equal, and up to 50nm, the thicker two devices are equal.
The Φ(x) lines of the 25nm and 50nm devices are plotted twice
each, once with the injection contact as common potential and
once with the extraction contact as common potential.
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carrier density originating from the SCLC is lower in thicker devices. A typical extraction
contact consists of a doped organic layer to achieve good extraction like in the injection layer,
thus yielding a symmetric device, and a high conductivity.
In the simulation, the voltage drops considerably over the whole extraction layer. This
voltage drop depends directly on the charge carrier density in the extraction layer, which is
influenced by the charge carrier density in the intrinsic layer near the extraction layer. The
value of the voltage drop is consequently larger for higher device thicknesses. To allow for an
estimation of the upper limit of the uncertainty resulting from the voltage drop, the extreme
case of a very low doping concentration is simulated. In Figure 5.11, the voltage in the two
thinner devices is plotted twice each: once with the injection contact as common potential,
and once with the extraction contact as common potential. From the injection-leveled plot, the
width of the extraction zone can be estimated, i. e. the zone where the transport does not follow
pure SCLC behavior, but displays relevant deviations due to the extraction layer. The thick-
ness of this zone is less than ∆xextr = 10nm, i. e. it does not reach into the intrinsic layer. From
the extraction-leveled plot it can be seen that the voltage drop over the extraction zone in the
three devices deviates by less than 0.5V at a thickness difference of ∆d = 75nm. The resulting
estimated upper limit for the uncertainty of the voltage difference between two devices result-
ing from the extraction contact is 7mV per nm thickness difference. The actual uncertainty is
probably smaller, due to a higher doping concentration and consequently smaller level bending
zone. Increasing the thickness of the doped layer is not expected to have a major influence,
because if the level bending is complete, a further increase of the thickness only adds an Ohmic
resistivity. The voltage drop over an Ohmic resistivity is only a function of the current density
and can be neglected, analogously to the discussion of the voltage drop at the injection contact.
Equivalent circuit: As a summary of the previous paragraphs, the SCLC transport in the
intrinsic layer under investigation can be separated from the injection and extraction by means
of an equivalent circuit model. The situation is visualized connecting “injection”, “intrinsic”,
and “extraction” as three virtual devices in series, see Figure 5.12. At a given operating point,
a common j flows in all three devices. Each of these devices has its own j-V characteristic,
Vinj( j), Vintr( j), and Vextr( j). The externally measurable voltage is the sum
V ( j) =Vinj( j)+Vintr( j)+Vextr( j) . (5.18)
At a given j, the injection and extraction voltage correspond to the variables
Vinj( j) = ∆Φinj (5.19)
Vextr( j) = ∆Φextr (5.20)
introduced above. Varying di, only the characteristic of Vintr( j) changes, while Vinj( j) and
Vextr( j) are effectively unchanged. Diffusion might play a dominant role near the doped layers,
while the SCLC in the center of the intrinsic region (white in Figure 5.12) is drift-dominated.
The functions Vinj( j) and Vextr( j) are unknown as long as the injection and extraction processes
are not entirely understood and modeled appropriately. At the current state of research, they
have to be taken as unknown – though well-defined – functions. The Vintr( j) characteristic, in
contrast, can be described by a drift-only approximation, e. g. Mott-Gurney law for constant
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Figure 5.12.: Equivalent circuit for a single carrier device, illustrating the in-
fluence of injection (inj) and extraction (extr) on the voltage at
the intrinsic layer under investigation (intr) separately. The mea-
surable j-V characteristic is the sum of the voltages of the three
devices.
mobility, Murgatroyd equation for respectively field activated mobility, or calculations with
the SCLC tool for an arbitrary mobility model.
5.2.4. Majority carrier approximation
To verify the assumption of majority-dominated transport, another set of simulations with the
OSOL simulation is performed. The device structure is a p-i-p device with di = 200nm oper-
ated at V = 10V and j ≈ 23mA/cm2, which is in the SCLC regime of the j-V characteristics.
The transport gap between the electron transport level and the hole transport level is 1.1eV in
the one device and 2.2eV in the other device. The smaller value is approximately the situation
of the effective gap in a ZnPc:C60 blend layer. The charge carrier densities for electrons and
holes are shown in Figure 5.13. Both devices show a large difference between the two types
of charge carriers, with the majority hole density being many orders of magnitude larger than
the minority electron density. Based on these data, the approximation of majority carrier dom-
inated transport can be regarded as verified, even if the mobility of the minority charge carriers
is several orders of magnitude larger than the mobility of the majority charge carriers.
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position  x / nm
hole density small gap
hole density large gap
electron density small gap
electron density large gap
Figure 5.13.: Charge carrier densities in p-i-p hole-only devices. Two devices
are compared, one with a smaller gap of 1.1eV (thick lines), and
one with a larger gap of 2.2eV (thin lines). The majority charge
carrier density, i. e. the hole density (solid lines), is the same in
both devices, while the minority electron density (dashed lines)
is many orders of magnitude lower: approximately 10 orders of
magnitude with the small gap and theoretically approximately
29 orders of magnitude with the large gap. Towards the p-doped
injection and extraction layers, the density of holes increases
steeply and the electron density decreases steeply, indicating the
level bending near the interface.
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5.3. Proof of principle: POEM on simulated data
To verify the principle of the potential mapping (POEM) approach, it is applied to j-V data from
drift-diffusion simulations with the OSOL simulation, where all input parameters are known.
The simulation allows for the modeling of complete devices including injection and extraction,
i. e. the resulting data is affected by the same kinds of offsets and non-perfect SCLC behavior
as expected in real devices. It is demonstrated that – based only on the data from the j-V curves
– the complete mobility function can be reconstructed, including the possible dependencies of
µ(F,n). Using simulated data yields the advantage that not only the j-V curves are known, but
also all microscopic quantities. This way, alsoΦ(x), F(x), n(x), and µ(x) can be quantitatively
compared to evaluate the quality of the reconstruction. The evaluation of these simulated
data sets is discussed in-depth step by step, guiding through the calculations required for the
successful reconstruction of the transport. This way, the POEM theory discussed above is
applied to elaborate model device data, constituting the foundation for further reconstruction
of experimentally obtained data which will be presented in subsequent sections.
Several sets of simulations are performed with different mobility models in the intrinsic
layer, starting with a constant mobility as reference case, and furthermore applying field ac-
tivated as well as field and charge carrier density activated mobility models to evaluate the
resolution of the reconstruction.
5.3.1. Constant mobility
The simulations of single carrier devices with constant mobility are performed on a p-i-p device
structure with the intrinsic layer sandwiched between p-doped transport layers. The intrinsic
layer has thickness di varying from 0nm to 500nm in steps of 10nm, the mobility is set to
10−5 cm2/Vs and ε = 3.5. The transport level is at 5.2eV below the vacuum level and the
transport gap has a size of 2.2eV. The transport layers have a thickness of 30nm, the same
transport level as the intrinsic layer, and a doping density of 1019 cm−3. The injection barrier
at the metal contacts is set to 0.1eV.
The j-V curves of some selected thicknesses are shown in Figure 5.14. From the di = 0nm
device, the conductivity of the transport layers can be observed, which has a current density
more than three orders of magnitude above the samples with an intrinsic layer, indicating that
the Ohmic losses in the transport layers are negligible. With increasing di, the curves show
the typical behavior of single carrier devices with an Ohmic regime at low voltage (up to
approximately 0.1V) and a space-charge limited regime at high voltage (above approximately
10V) with a transition regime in between.
Potential mapping: The j-V curves from all device thicknesses are evaluated by POEM, as
shown in Figure 5.15: The voltage-thickness characteristics V (di) at selected current densi-
ties are directly extracted from the j-V curves by interpolation between the simulated voltage
points. The simulation was performed with a given voltage series instead of given current
densities, because a simulation with a given current density was not possible with the OSOL
simulation. The interpolation is done logarithmically (i. e. linear interpolation on a logarithmic
scale) to account for the fact that the curvature is much less pronounced on a logarithmic scale,
where the characteristics approximate to a linear characteristic, than on a linear scale, where
they approximate to a parabolic shape. For every current density, only those thicknesses are
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Figure 5.14.: j-V characteristics of single carrier devices with a constant mo-
bility of µ = 10−5 cm2/Vs resulting from the drift-diffusion
simulation (symbols) and according to the Mott-Gurney Equa-
tion 2.40 (lines). An Ohmic characteristic is given as compari-
son for the low-voltage regime (gray dashed line).
selected where a clear space-charge limited regime can be observed. A POEM reconstruction
in the Ohmic regime would not yield meaningful results due to the small charge density. The
reconstruction is done at five different current densities spanning more than three orders of
magnitude from 0.607mA/cm2 up to 1203mA/cm2. The values are chosen from data points
of the characteristics of the thickest device.
The reconstructed Φ(x) =V (di = x) curve (see Figure 5.15a) is compared to the Φ(x) curve
from the simulation of the 500nm device. Especially at low voltages, the deviation between
the curves becomes visible in the logarithmic plot. It can be attributed to the voltage offset due
to injection and extraction ∆Φ= ∆Φinj +∆Φextr. The value of ∆Φ can be fitted by comparing
the microscopic simulation data plus ∆Φ (dashed line) to the reconstructed data (symbols),
yielding a value of ∆Φ= 0.2V.
Electric field: The gradient of−Φ(x) is the electric field F(x). It is calculated as the series of
difference quotients of the Φ(x) curves. For this calculation and all following steps, the offset
∆Φ is not required to be considered. As a constant addend, ∆Φ is canceled out in the derivative.
The reconstructed F(x) agrees very well with the data from the simulation, verifying that the
reconstruction quality is excellent and that the voltage offset is actually irrelevant. The range of
data points is reduced near the ends of the reconstructed characteristics, because averaging over
several data points is necessary to suppress fluctuations due to the model-free interpolation of
the simulated data.
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Figure 5.15.: POEM reconstruction of the hole transport in simulated hole-
only devices at five current densities j (symbols; legend in d)).
a) The V (x) curves are directly extracted from the j-V curves
(see Figure 5.14). b) F(x) is calculated as derivative of the data
in a). c) n(x) is calculated via Poisson’s Equation 2.35 from the
derivative of a Bézier curve through the points in b). d) µ(x) is
calculated via the transport Equation 5.12 from j and the data
in b) and c). The reconstructed data are compared to the micro-
scopic data from the simulation (solid lines). In a), where the
voltage V (di) = Φ(x = di) is plotted, additional dashed curves
are shown, representing the microscopic result from the simula-
tion plus a constant offset of ∆Φ= 0.2V. The reconstruction is
successful, yielding a value of 10−5 cm2/Vs at all parameters.
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Charge density: The next step is another derivative by means of difference quotients. When
plugged into Poisson’s equation, it yields the spatial distribution of the charge carrier density
n(x). Precisely, the obtained charge carrier density is the difference of hole and electron density
n(x) = np(x)−nn(x). Assuming that minority charge carriers are negligible (cf. section 5.2.4),
n(x) can be identified with the hole density np(x) ≈ n(x), which is well confirmed by the
comparison to the microscopic simulation data.
Smoothing: To calculate n(x), the F(x) data needs to be smoothed, because otherwise the
noise originating from the interpolation between the simulated j-V points would lead to too
large fluctuations in the second derivative. For smoothing, the Bézier algorithm is chosen,
because it is a model-free algorithm which does not impose the assumption of a specific math-
ematical function on the curve. This feature is essential, because it preserves the model-free
character of the reconstruction. Any fitting to an analytic function would indirectly imply a
model for the mobility function µ(F,n) and thus destroy the advantage of the POEM approach
to determine µ(F,n) independently of any presumption.
However, the Bézier smoothing algorithm has features which can potentially manipulate the
smoothed data and must be applied in a suitable way to avoid distortion of the result. Two
major effects which are relevant for this application are discussed in the following. Firstly,
like for every smoothing algorithm, the smoothed curve tends to reduce the curvature of a line
of data points. To minimize this influence, two measures are suitable. On the one hand, the
smoothing is applied on a logarithmic scale, where the curving is much less pronounced than
on a linear scale. On the other hand, the algorithm is applied in a step where the curving is
as small as possible. In our example, this means that the Bézier smoothing is not applied to
the voltage curves, but to the field curves, which have distinctly larger curve radii. Secondly,
the statistical weight of the end points and points near the end points is much higher than the
influence of points in the middle of the curve. Again, two strategies are applied to overcome
this drawback. On the one hand, the two first and the two last data points, respectively, are
averaged and regarded as only one point in the calculation of the Bézier curve, reducing their
statistical weight by a half. On the other hand, after calculation of the Bézier curve, the first
and last data points are eliminated in the case of an evident deviation towards the end of the
characteristic. The latter two measures lead to a reduction of the evaluable x range, i. e. they
are only applied if they actually have an influence on the result. j-V data with a very high
quality can make them obsolete – however, this can only be achieved with simulated data, and
hardly with experimental data, as will be seen later.
Mobility: In the final step, the charge carrier mobility is calculated from the drift transport
Equation 5.12 at every point x. From the previous steps, all required quantities are known –
if not at exactly coinciding positions, they can be interpolated from the two neighboring data
points. In the ideal case, all data points yield exactly µ = 10−5 cm2/Vs, which is the value set
in the simulation. This value is confirmed with high accuracy for all current densities in nearly
the complete accessible x range. A minor deviation at the largest x value can be attributed to
the end point issue of the Bézier smoothing. All other values are within 10% of the target
value, confirming that the mobility is independent of the field and the charge density. The
small deviations can be mainly attributed to the interpolation of the voltages to obtain the V (d)
characteristic at constant j.
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Figure 5.16.: Comparison of the reconstructed mobility regarding and disre-
garding the diffusion term in the transport equation. The varia-
tion of the absolute values of µ originate from the limited preci-
sion of the interpolation of the input j-V data.
The role of diffusion: In the above evaluation, the transport is assumed as drift-only. This
approximation is checked by introducing diffusion transport in the reconstruction, according
to Equation 5.13. In the given case, the result is not influenced by diffusion in any relevant
manner. Both cases – with and without diffusion – are compared in Figure 5.16 for some data
points exemplarily, showing that the influence from the diffusion term is negligible.
This check is generally necessary to prove the drift-only approximation. Especially when
dealing with experimental data, which are typically affected by larger fluctuations of the mea-
surement points, it is in many cases not helpful to include diffusion in the reconstruction,
because a third derivative sensibly increases the noise in the results. Consequently, the drift-
only approximation is beneficial whenever its application does not have an influence on the
overall trends of the resulting µ(F,n).
Plausibility of results: The physical plausibility of the reconstructed quantities is evaluated
at several steps during the reconstruction, comparing the intermediate results with the theo-
retical expectations. First, the V (x) curve is checked for a constant positive slope, because
the current density at a given voltage is expected to continuously decrease with increasing di.
Regarding n(x), the charge carrier density is expected to be high at the injection contact and
constantly decreasing throughout the device. This implies that F(x) must be small at the injec-
tion contact and constantly growing with increasing x. According to Poisson’s equation, F(x)
is growing with a continuously decreasing slope for increasing x. If any of these conditions
is not met, the devices do most probably not fulfill the requirements for suitable single carrier
devices and the observed current is not unipolar SCLC or the contacts are not reproducible.
When regarding experimental data, another common indicator (though not proof) for incor-
rect data is a negative µ(n) dependence. Although scenarios have been reported, where this
dependence applies,[129] it is not a common situation in many materials. A negative µ(n)
dependence might be the result of insufficient data quality in combination with inappropriate
smoothing, because the influence of measurement inaccuracies on n is specifically high, due
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to the second derivative required for its calculation. The reconstructed µ is inversely propor-
tional to n, and consequently an over- or underestimation of n can lead to a sensible under- or
overestimation of µ , respectively, resulting in a non-physical negative µ(n) characteristic.
Conclusion: The mobility reconstruction from simulated data verifies that the evaluation of
j-V data according to POEM can successfully reproduce the mobility in the SCLC layer of a
single carrier device. The feature of POEM, that an injection or extraction voltage does not have
any detrimental influence on the reconstructed mobility, is verified in this reconstruction: Not
only the trend of µ being a constant value is resolved, but also the absolute value is determined
with high accuracy.
5.3.2. Field dependent mobility
Another set of simulations is performed based on the field activated mobility model (Equa-
tion 2.25) with µ0 = 10−5 cm2/Vs and γ = 0.005

cm/V. The thickness di is varied from
0nm to 500nm in steps of 10nm. The j-V data is shown in Figure 5.17. The data of the mo-
bility reconstruction along the lines of the previous paragraph is plotted in Figure 5.18. The
resulting µ(x, j) curves show the expected behavior that the mobility increases with increasing
x, i. e. with increasing F . However, from this figure, a quantitative evaluation is not possible.
Particularly, it is not distinguishable whether the mobility is purely field activated or whether it
has an additional charge density dependence, because n(x) is decreasing throughout the device
and increasing with increasing j.
To achieve a quantitative evaluation which is capable of distinguishing between the field
and the charge density dependence, the parameter transformation from µ(x, j) to µ(F,n) is
required. It was discussed theoretically in section 5.2.2 and will be applied and graphically
illustrated in the following.
Parameter transformation µ(x, j) → µ(F,n): From the mobility reconstruction shown in
Figure 5.17, the three quantities F , n, and µ are known at every point x in the evaluated range
at every evaluated current density j. To trace e. g. the field dependence independently of the
charge carrier density at a fixed value n0, for each evaluated current density j the position x0 is
determined where n = n0 and the corresponding values of F(x0, j) and µ(x0, j) yield one point
of the µ(F) curve. The same can be done analogously for the µ(n) characteristic at a given
field strength.
This step can be illustrated to obtain an additional qualitative impression of the interplay
between field and charge density dependence, by transferring all mobility values from the
µ(x, j) plot into a three-dimensional µ(F,n) plot. It is shown in Figure 5.19a, with F plotted
as abscissa, n as ordinate, and µ color-coded as third dimension. That is, every point from the
µ(x, j) graph is plotted at the position corresponding to F(x0, j0) and n(x0, j0) with the color
corresponding to µ(x0, j0).
In this representation, the field dependence of the mobility can be observed by tracing the
mobility along a horizontal line, i. e. at a selected constant n value. Analogously, the charge
density dependence is observed by tracing vertically at a selected F value. This way the field
dependence of µ can be unambiguously observed, and also the independence of n can be
confirmed by observing that the color does change in horizontal but not in vertical direction.
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Figure 5.17.: j-V characteristics of single carrier devices with a field-activated
mobility with γ = 0.005

cm/V resulting from the drift-diffu-
sion simulation. The device thickness di is varied from 0nm to
500nm in steps of 10nm.
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Figure 5.18.: Reconstruction of the mobility µ(x, j) via POEM from the curves
shown in Figure 5.17. In the F(x) graph, the lines are the Bézier
curves through the points, in the other graphs, the lines are con-
nections of the points as a guide to the eye.
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Figure 5.19.: a) Reconstructed mobility µ(F,n) via POEM from the curves
shown in Figures 5.17 and 5.18 after the parameter transforma-
tion. Cross-sections are taken at the positions indicated by the
horizontal and vertical lines. b) Mobility data along the cross-
sections (symbols) at the selected n (left) and F (right) values
are compared to the model used for the simulation (lines in both
graphs). The colors of the symbols and lines correspond to the
lines in a). The field dependence of the reconstructed mobility
shows excellent agreement with the model used for the simu-
lation (left), and also the independence of mobility and charge
density is well resolved (right).
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These traces correspond to horizontal and vertical cross-sections of the three-dimensional
µ(F,n) data. A number of values for both F and n are selected to perform such cross-sections,
they are drawn as horizontal and vertical lines in Figure 5.19a. The points resulting from the
cross-sections are plotted in Figure 5.19b, allowing for a quantitative analysis of the data. The
reconstructed µ(F) data at five different n values is compared to the original µ(F) model used
for the simulation, and the quantitative agreement is very good. The minor deviations at low
fields can again be attributed to the end point issue of the smoothing algorithm at large x. The
very good agreement is observed for all investigated n values, indicating the independence of
µ and n. This relation is more closely regarded in the µ(n) plot at three different F values. The
reconstructed data points at a given F do not show any considerable trend and are very close
to the respective model values indicated by the horizontal lines, confirming that µ is invariant
towards n.
5.3.3. Field and charge density activated mobility
A third set of simulations is performed with a field and charge density activated mobility ac-
cording to the Pasveer model (see section 2.3.3.3). With realistic parameters, the charge den-
sity dependence is much weaker than the field dependence. The parameter for the zero-field
infinite-temperature limit of the mobility is chosen as µ0 = 104 cm2/Vs, the width of the Gaus-
sian energetic disorder σE = 100meV, and the lattice constant a = 1nm. The mobility recon-
struction with POEM is done analogously to the procedure described in the previous section.
The j-V graphs and the results from the evaluation are shown in Figures 5.20 to 5.22.
For the reconstruction, a large number of 111 different current densities in a range covering
more than five orders of magnitude are chosen. In Figure 5.21, twelve selected curves in
the whole evaluated range of current densities are shown, in the following graphs data from all
current densities is included. This high number of current densities allows for a dense coverage
of the grid of data points representing the µ(F,n) function, as demonstrated in Figure 5.22a.
In the cross-sections, the dense coverage leads to a high number of data points which is able to
resolve even the weak charge density dependence of the Pasveer model, shown in Figure 5.22b.
The resulting data reproduces the trends as well as the absolute values of the mobility with high
accuracy. It allows to distinguish the strong field activation and the comparably weak charge
density dependence and evaluate them separately.
Although the Pasveer mobility model allows for factorization into a field and a density de-
pendent function, this is not a necessary requirement for POEM. Because the µ(F,n) cross-
section can be done at arbitrary position within the accessible range, any mobility function
µ(F,n) can be reconstructed.
5.3.4. Conclusion
The POEM evaluation algorithm is capable to extract the full transport parameters of a unipolar
SCLC from the j-V characteristics of a series of single carrier devices with varying thickness.
The achievable quality of the results is dominated by the quality of the input data. The
minimum thickness di scales with the spatial range of charge carrier diffusion from the contacts
into the intrinsic layer. A large parameter range of µ(F,n) can be obtained by measuring a
large range of thicknesses and current densities. The achievable quality of the reconstruction
is directly correlated to the density of available data points, i. e. mainly how many different
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Figure 5.20.: j-V characteristics of single carrier devices with a field and
charge density activated mobility resulting from the drift-diffu-
sion simulation. The device thickness di is varied from 20nm to
500nm in steps of 10nm (except for 150nm).
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Figure 5.21.: Reconstruction of the mobility µ(x, j) via POEM from the curves
shown in Figure 5.20. In the F(x) and n(x) graphs, the lines are
the Bézier curves through the points, in the other graphs, the
lines are connections of the points as a guide to the eye.
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Figure 5.22.: a) Reconstructed mobility µ(F,n) via POEM from the curves
shown in Figures 5.20 and 5.21. b) The cross-sections at dif-
ferent charge carrier densities n and field strengths F (symbols)
are compared to the model used for the simulation (lines in both
graphs), showing very good agreement.
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thicknesses are available for measurement. The smoothness of the data can be reduced by a
limited density of points in the j-V characteristic, and might in experiment be additionally
dominated by limited reproducibility of the injection contact and the accuracy of the thickness
determination for the intrinsic layer. Data which are affected by scattering of the points requires
mathematical smoothing, which in turn reduces the number of usable data points near the edges
of the characteristics. Consequently, scattering data reduces the accessible parameter range of
µ(F,n).
Given good data quality, the results of POEM allow for resolving the mobility as a function of
the electric field and the charge carrier density µ(F,n), distinguishing between the influences
of the two parameters. The evaluation is based only on basic assumptions and is model-free
with respect to the mobility, i. e. no fitting to an assumed mobility model is required.
In principle, POEM is applicable to any semiconductor in any geometry. It is required that
unipolar SCLC can be achieved and that the length of the transport channel can be varied with
good control of the exact value without simultaneously changing the transport properties.
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5.4. Application: Transport characterization in organic
semiconductors
The POEM approach, as theoretically discussed in the previous parts of this chapter, is applied
to investigate charge transport in thin films of organic semiconductors. Besides a 1:1 blend of
ZnPc and C60, which has been introduced above as exemplary material system, also other blend
ratios and other materials, including neat material layers, are investigated. The evaluation is
presented in detail for the ZnPc:C60 1:1 blend. For the other material systems, only an overview
over the measurements and results is given and peculiarities are discussed.
In this section, the measurement results are presented one by one, giving the necessary
details to follow the measurement procedure. The evaluation is limited to the imminent inter-
pretation of a single measurement series. The larger part of the physical interpretation of the
data is done subsequently: In section 5.5, based on the results from all measurement series, a
general overview and synoptic evaluation of the results from all measurements is given.
5.4.1. Hole transport in ZnPc:C60
A series of p-i-p devices according to section 5.1 is investigated, comprising a 1:1 blend of
ZnPc and C60 as intrinsic layer:
Ag (50nm)
Au (10nm)
p-ZnPc (2wt-% F6-TCNNQ, 30nm)
ZnPc:C60 (1:1, di )
p-ZnPc (2wt-% F6-TCNNQ, 30nm)
Au (10nm)
Ag (50nm) .
The blend layer thickness di is varied from 170nm to 370nm in steps of 10nm.
Determination of current density: For every thickness di, devices with three different active
areas A are measured, 0.88mm2, 3.27mm2, and 6.44mm2. The j-V curves of four selected
thicknesses are shown exemplarily in Figure 5.23, where the current density j is calculated as
the quotient of the measured current I and the nominal device area A:
j(V ) = I(V )/A . (5.21)
In the Ohmic regime below 0.1mA/cm2, strong differences between the different device areas
are observed. Also the thickness dependence is not as expected, because e. g. the devices
with 300nm and 370nm show the same nominal current density in the smaller devices. These
differences indicate that shunts, edge, and/or corner effects have a major influence in this range.
The electric behavior cannot be attributed solely to the bulk of the semiconductor, and the data
from the Ohmic regime is not further evaluated here.
In the regime above approximately 0.8mA/cm2, in contrast, all devices with the same di
show the same j, indicating that the current is limited by the bulk layer in this range. The
transition to the high j-V slope can be understood in terms of SCLC, where a slope much
stronger than linear is expected. Compared to the linear j-V characteristics of the Ohmic
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Figure 5.23.: j-V characteristics of ZnPc:C60 1:1 hole-only devices with vary-
ing device area A and thickness.
regime, SCLC dominates the devices above the transition, while the Ohmic contribution might
still be present though negligible. The SCLC regime is consequently well suited for the POEM
evaluation.
POEM: The j-V curves are analyzed according to the potential mapping as discussed above.
For the evaluation, 38 current densities j in a range with clear space-charge limited current
between 0.8mA/cm2 and 56mA/cm2 are regarded. The evaluation steps are shown for three
selected current densities in Figure 5.24. The relative permittivity is assumed as εr = 4.7 as
obtained by impedance spectroscopy of the blend.[73] The reduction of data points at the ends
of the characteristic can be well observed, which is due to the required smoothing.
Plausibility check: The plausibility of the data is verified by the V (x) characteristics increas-
ing with increasing x, the field increasing monotonously, and the charge density decreasing
monotonously with increasing x, up to approximately 280nm. Above this range, the end point
issue leads to deviations of the smoothed curves, resulting from the fact that the last point of
the V (x) curve has an under-average value, inducing an unphysical increase of the charge den-
sity. The latter fact leads to the selection that only points below x = 280nm are considered for
the further mobility evaluation.
Mobility reconstruction: The mobility reconstruction is displayed in Figure 5.25, showing
a pronounced field activation µ(F). It can be fitted with the simplified Poole-Frenkel model
according to Equation 2.25 with
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Figure 5.24.: POEM steps of the series of devices introduced in Figure 5.23.
The evaluation is along the lines of Figure 5.18. In the V (x)
plot, small symbols indicate the values of single devices with
different device areas and large symbols indicate the average of
these small symbols. The line is a Bézier curve through the av-
eraged points. In the F(x) plot, the symbols are the derivative of
the V (x) Bézier curve and the line is a Bézier curve through the
points.
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µ0 = 4.4 ·10−9 cm2/Vs
The result is obtained in the range of field strengths between 2 · 105 V/cm and 6 · 105 V/cm
and in the range of hole densities between 7 ·1015 cm−3 and 6 ·1016 cm−3.
Quality of the reconstruction: The influence from smoothing is investigated by applying
different smoothing strategies. Comparing the results after smoothing only V (x) or only F(x)
and changing the statistical weight of the end points, as well as including and excluding some
of the samples from the data, a variation of γ by up to approximately 50% to higher values and
20% towards lower values is observed. The uncertainty of the field activation is quite large
and will be refined later. However, the variation of the absolute mobility value is much smaller
and in the range of 10% within the given parameter ranges:
µ(F = 3 ·105 V/cm) = 2 ·10−6 cm2/Vs . (5.23)
The pre-factor µ0 in Equation 5.22 is a secondary parameter and during the fitting routine it is
calculated from the fitted γ and the mobility at F = 3 ·105 V/cm.
The variations of the fits to the field enhancement parameter are illustrated by comparing
the values above to our previous publication: In Ref. [1], we have presented the same set of
data using different smoothing and fitting parameters and evaluating a smaller range of current
densities. The resulting hole mobility µ(F) with µ0 = 7.9 ·10−9 cm2/Vs and γ = 0.01

cm/V
agrees well with the values obtained above within the discussed accuracy.
Charge density dependence: In both reconstructions, a charge density dependence of µ
cannot be resolved. In Ref. [1], no trend is observed at all, although the accessible range of n
is too small (less than one order of magnitude) to make a conclusive statement. If any density
dependence is present, its effect is much weaker than the effect of the field dependence. In
the data presented here, where a larger parameter range is evaluated, a curvature of the µ(n)
reconstruction is observed, however the trend is negative below 3 · 1016 cm−3 and positive
above this value. This observation suggests that the curvature is not physical but induced by
the smoothing, where the points in the center of the accessible range, i. e. around 3 ·1016 cm−3,
can be regarded as most reliable, because they are least affected by the end point issue.
5.4.2. Hole transport in ZnPc:C60 – temperature variation
An important parameter for the transport characterization is the temperature T . For the dif-
ferentiation of field activation and thermal activation of the mobility, T dependent transport
characterization is required. It additionally allows for a quantification of the parameters ∆PF
and βPF in the Poole-Frenkel model (see section 2.3.3.1).
Device selection and measurement: To obtain µ as a function of T , the j-V characteristics
of the samples discussed in the previous paragraph are measured at varying T and the POEM re-
construction is performed at every temperature separately. Effects from a T dependent doping
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Figure 5.25.: a) Mobility reconstruction from Figure 5.24, considering data
from 38 current densities in the range up to x = 280nm. Cross-
sections are taken at one n and three F values as indicated by
horizontal and vertical lines. b) The data from the cross-sections
(symbols) is fitted in the µ(F) plot (left) with the field activated
mobility yielding γ ≈ 0.0112cm/V. The µ(n) plot (right)
does not yield a conclusive trend, the curvature in the data from
the cross-sections must be attributed to the smoothing of the
data. The solid lines show the µ values from the model cor-
responding to the selected F values.
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efficiency or injection characteristic are excluded this way: They can be subsumed in ∆Φinj,
which is a function of T and j, but not di. The measurement effort for these T dependent
measurements is much higher than at room temperature, because in the available setups, only
one sample (i. e. one thickness) can be measured at a time and the complete temperature series
needs to be performed for each thickness separately. To keep the effort reasonable, only fewer
samples are selected, comprising a minimum number of thicknesses to perform the POEM re-
construction. The selected set contains nine thicknesses: 180nm, 220nm, 230nm, 240nm,
250nm, 260nm, 280nm, 300nm, and 360nm. The temperature dependent j-V characteristics
( j-V (T )) are shown in Figure 5.26 for four selected thicknesses at different device areas.
POEM reconstruction: The POEM reconstruction of the transport parameters is performed
at every measured temperature separately. The reconstruction steps are shown exemplarily for
three current densities at T = 281K in Figure 5.27. Due to the scarcity of thicknesses, the
reconstruction requires Bézier smoothing both for the V (d) and for the F(d) characteristics.
Fitting to the Poole-Frenkel model: From the measurement at RT , it is known that the field
activation is dominating and that a charge density dependence – if present – can be neglected
with respect to the obtained accuracy. Consequently, the measured data can be fitted with a
suitable µ(F,T ) model, where the Poole-Frenkel model (section 2.3.3.1) is the most common
choice.
The field and temperature dependent mobility values are extracted from the POEM recon-
struction at a charge carrier density of n = 1.5 ·1016 cm−3 in the temperature range from 225K
to 337K, the respective data is shown as symbols in Figure 5.28.
In the Poole-Frenkel model, the field activation factor βPF is related to the relative permit-
tivity εr through Equation 2.22. For the reconstruction of the mobility, the dielectric constant
εr = 4.7 obtained from impedance measurements was used. This way, the effective mobility
of the blend is obtained, which is the relevant value for the macroscopic transport modeling.
However, this dielectric constant is an effective value for the blend, whereas hole transport
takes place predominantly on ZnPc. Consequently, in a microscopic analysis of the mobility,
where transitions from one ZnPc molecule to another dominate transport, the relevant value of
εr might differ. The value is expected to be in the range between the effective εr of the blend
and the value for neat ZnPc εr = 4.0, depending on whether the electric shielding of hopping
barriers is attributed to ZnPc only or to the effective blend. From 4.0≤ εr ≤ 4.7, the range for
βPF can be restricted to
0.350meV

cm/V≤ βPF ≤ 0.379meV

cm/V . (5.24)
In the fit, the value of βPF describes the slopes of the µ(F) characteristics.
The results for room temperature (RT ≈ 294K) from Equation 5.22 according to the simpli-
fied field dependence model are taken as starting point for the fit. Comparing the Poole-Frenkel
model to the simplified model, the relation
βPF = γ · kB ·Teff(RT ) (5.25)
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Figure 5.26.: j-V (T ) characteristics of ZnPc:C60 1:1 hole-only devices at
varying thickness di and device area A. In all cases, the cur-
rent density increases with increasing T over the complete range
of V . The current density decreases with increasing di at every
T , respectively.
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Figure 5.27.: POEM reconstruction of the j-V data from the set of devices
shown in Figure 5.26 at T = 281K. This example illustrates the
achievable data quality with a set of nine thicknesses. Bézier
smoothing is required for the V (d) and F(d) data.
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Figure 5.28.: Hole mobility in ZnPc:C60 1:1 blend as function of the electric
field F and temperature T . The data reconstructed from the mea-
surement (symbols) is fitted to the Pool-Frenkel mobility model
(lines) with εr = 4.7 as discussed in the text. The found value
for the thermal activation is ∆PF = 445meV.
yields the possible range for T0. Considering the discussed accuracy of γ , only a lower limit
for T0 can be given as:
836K≤ T0 ≤ ∞ , (5.27)
where T0 = ∞ means that Teff(T ) = T . T0 mainly influences the dependence of βPF on T ,
i. e. how strong the slope of µ(F) changes with varying T . The influence gets stronger with
smaller T0. The remaining free parameter ∆PF mainly influences the thermal spreading of the
mobility function, i. e. the distance between the µ(F) lines at different temperatures. The
result of the fit to the measured data is shown in Figure 5.28 as lines. The best fit is obtained
for the highest possible relative permittivity εr = 4.7. The experimentally found variation of
the field enhancement is very weak and an effective temperature is not required to fit the data,
i. e. Teff(T ) = T , or in terms of the Poole-Frenkel model, T0 = ∞. The thermal activation can
be well determined as
∆PF = 445meV (5.28)
with an accuracy better than 10meV. The corresponding mobility pre-factor is µPF = 4.39 ·
10−2 cm2/Vs.
Fitting to the Bässler model: The measured µ(T,F) data is also compared to the mobility
predicted by the Bässler model (Equation 2.24). However, the differences are substantial and
the data turn out not to be compatible, cf. Figure 5.29. In the model, the thermal and the field
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Figure 5.29.: Same data points as shown in Figure 5.28, compared to the mo-
bility model according to Bässler et al. (Equation 2.24) with
σE = 90meV (lines).
dependence are directly connected by σˆ being a pre-factor of both, and compared to the mea-
sured data, the field dependence is much stronger than in the Bässler model. The temperature
dependence of the field activation, in contrast, is much weaker. To obtain the correct field ac-
tivation, the energetic disorder needs to be σE ≈ 140meV at low T and σE ≈ 220meV at high
T . The data cannot be fitted with one σE value for all temperatures, independent of the value
of Σˆ in its allowed range of 0 ≤ Σˆ ≤ 1.5. With the σE values as discussed above, the thermal
activation is by far too strong. To fit the correct order of magnitude for the thermal activation,
σE requires values in the order of 100meV. In summary, the measured data is not directly
compatible with the Bässler model.
Alternative mobility model: In the fit to the Poole-Frenkel model, it was observed that the
temperature dependence of the field enhancement factor fits the weakest possible value, i. e.
T0 = ∞. This limiting case leads to the suggestion that the Poole-Frenkel model might not
be the best possible mobility function to fit the measured data. In an alternative approach,
the temperature and field dependence are separated, yielding a temperature independent field
activation. In analogy to the simplified Poole-Frenkel model, it is denoted as γ , and the thermal
activation energy as Eth:








The fit of this independent mobility model is shown in Figure 5.30. It describes the data
better than the Poole-Frenkel model, especially regarding the high field dependence at elevated
temperature. The values found for the fit parameters are
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Figure 5.30.: Same data points as shown in Figure 5.28, fitted with the alter-
native mobility model according to Equation 5.29 (lines).






cm/V , and (5.31)
Eth = 220meV . (5.32)
The mobility function according to Equation 5.29 suggests that the field dependence might
not be described accurately by the Poole-Frenkel model. A possible reason for deviations from
the Poole-Frenkel law in the investigated material system might be that the Poole-Frenkel
equation is originally derived for the thermal activation of charge carriers from localized sites,
with a barrier lowering on a range which is much wider, enough that the Coulomb potentials
of several sites do not interact significantly. However, in the investigated system, the barrier
height is governed by the overlap of the molecular orbitals involved in the charge transfer,
i. e. it is additionally lowered with decreasing distance of the molecules. The distance of the
molecules in the range of 1nm is typically smaller than the effective range of Coulomb forces
(approximately (10 ..15)nm).[86; 125]
The observation that field dependence and temperature dependence are not correlated in-
dicates that different activation mechanisms dominate the two dependences. One suggestion
would be that two different kinds of processes dominate charge transport. These might be on
the one hand the inter-molecular hopping as described by the Bässler model, and on the other
hand larger-scale effects like barriers between crystallites in a micro-crystalline material,[51]
or effects from material blending. If the Bässler model is the correct description for the intra-
domain transport, the inter-domain transport might be the origin for the strong field depen-
dence. The weak temperature dependence might be related to tunneling processes playing a
role.
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Figure 5.31.: Comparison of the j-V measurements of ZnPc:C60 1:1 hole-only
devices (symbols) and their reconstruction based on the obtained
field activated mobility according to the Murgatroyd approxima-
tion (dashed lines). The calculation parameters can be adapted
to fit the measured data better: A correction of the thickness by
73nm reproduces the thickness dependence (dotted line). The
absolute current density is reconstructed by multiplying the cur-
rent density by 2.9 (dash-dotted line) or by multiplying the volt-
age by 1.25 (solid line).
Another possible source for a field enhancement of µ which is independent or only weakly
dependent of T is a field-induced deformation of the molecular packing – similar to the inverse
piezoelectric and piezoresistive effect – leading to a more efficient charge transport.[262]
5.4.2.1. Reconstruction of the j-V characteristics
With the mobility obtained above, j-V characteristics can be calculated through the Murga-
troyd Equation 2.41. This reconstruction is done at room temperature, because of the avail-
ability of the highest accuracy mobility reconstruction. It is not expected that the original
shape can be completely reconstructed, because a possible injection voltage Vinj is generally
an unknown function of j and the influence from diffusion is neglected. However, an approx-
imate reconstruction focusing on the correct representation of the thickness dependence and
the SCLC regime is a valuable confirmation for the obtained mobility. Differences between
measurement and reconstruction can, on the other hand, be used to gain information about the
charge injection. The comparison is done with the A = 6.44mm2 devices where the influence
from shunts, edges, etc. is smallest.
The result of the direct reconstruction through the Murgatroyd approximation is shown in
Figure 5.31 as dashed lines at the same four thicknesses as the measurement results shown. The
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reconstructed j-V curves fit the slope of the measured j-V curves well, however the current
density is much lower and the thickness dependence is weaker. The simultaneous observation
of these two effects indicate that the thickness of the intrinsic layer might be over-estimated.
The over-estimation might have several reasons: The surface between doped and intrinsic layer
might be not perfectly flat, due to the surface roughness of the layers. In this case, the doped
layer blends into the intrinsic layer near the interface and in consequence the effective thickness
of the intrinsic layer is reduced. Also, holes are expected to diffuse from the p-doped layer into
the intrinsic layer, as described by the level bending near the interface.[58; 257] In this case,
the regions near the doped layers have a high density of holes where the conductivity is too
high to yield SCLC and the SCLC region is reduced towards the center of the intrinsic layer.
The effective overall value of the thickness reduction d0 is generally unknown, but it is ex-
pected to be independent of the device thickness di, if di > d0. When considering the thickness
dependence of j-V characteristics, d0 has to be subtracted from the nominal intrinsic layer
thickness to obtain the effective intrinsic layer thickness deff = di− d0. The value of d0 is
determined by fitting it as a free parameter to the thickness dependence of the measured j-V
curves, as shown as dotted lines in Figure 5.31 comprising d0 = 73nm.
At this point, it should be mentioned that the reduced effective thickness does not impair the
validity of the POEM approach: It only has an influence on ∆xinj and ∆xextr, and the derivations
of Φ(x) remain valid.
With the effective thickness approach, the thickness dependence of the j-V curves can be
understood. However, the measured current densities are still nearly three times higher than
from the thickness-corrected Murgatroyd model. This offset can be accounted for by an em-
pirical approach using a factor of 1.25 for the voltage or a factor of 2.9 for the current density.
Both approaches are mere empirical and illustrate the qualitative deviation of the Murgatroyd
model from the measurement results. It will be further discussed subsequent to the following
paragraph.
Equivalent circuit: To complete the reconstruction in the drift-only model, the Ohmic regime
needs to be modeled additionally. Ohmic hole and electron currents in the intrinsic layer can
be modeled as a parallel resistor RP adding another summand V/RP to the j-V characteristics.
Fitting the value of RP to the Ohmic regimes of the curves, the measured j-V characteristics
can be reproduced in a large range, see Figure 5.32. The reconstruction shows better agree-
ment with the voltage-corrected data (solid line) than with the current-corrected data (dashed
line). In the thickest device with 370nm, the complete characteristics up to 10mA/cm2 are
well reproduced, only above 10mA/cm2, the slope of the measured characteristics is smaller
than of the calculated characteristics. This observation holds true for the other curves shown.
Additional deviations are a general offset of the complete curve for the 300nm device, indi-
cating an inaccurate thickness, and small quantitative discrepancies in the transition from the
Ohmic regime to the SCLC regime.
The slight difference in curve shapes is expected, as all the discussed issues near the injection
contact might be non-constant upon varying the current density. For the validity of the POEM
evaluation, these deviations do not present an impairment, as long as their effect (i. e. contri-
bution to the j-V characteristics) is not a function of the device thickness, which is expected to
hold true for the discussed effects. The thickness dependence of the j-V characteristics, which
is a possible benchmark for the quality of the reconstruction, can be modeled successfully with
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Figure 5.32.: Comparison of the j-V measurements of ZnPc:C60 1:1 hole-only
devices (symbols) and their reconstruction based on the latter
two corrections from Figure 5.31 including an additional paral-
lel resistor modeling the Ohmic regime. The value RP of the
resistor is fitted to the Ohmic regime as 105kΩcm2, 310kΩcm2,
430kΩcm2, and 545kΩcm2, for the four thicknesses, respec-
tively.
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the effective thickness approach, reducing the nominal thickness by a constant value. Another
origin of the deviations might be a charge carrier density dependence of the mobility, which
cannot be resolved with the available POEM data because it is either too weak to be resolved
or in a range of F which is not covered by the reconstruction, or the accuracy of the second
derivative is not good enough to quantitatively resolve it.
The injection zone: As shown in Figure 5.32, a proportionally reduced voltage in the mea-
surement compared to the Murgatroyd approximation yields the best agreement. The origin of
this correction factor is most probably in the injection zone, where the drift-only approxima-
tion is expected to be not applicable.[257] It means that the net voltage over the injection zone
is negative:
Vinj < 0V , (5.33)
i. e. the field near the injection contact is in opposite direction to the external field induced by
the external voltage V . This situation can be understood in terms of diffusion from the doped
layer towards the intrinsic layer, forming an internal dipole layer and is qualitatively found
in the drift-diffusion simulation data in Figure 5.11. Consequently, the drift-only approach of
the Murgatroyd equation can inherently not be capable to reproduce the j-V characteristics of
a complete p-i-p or n-i-n device quantitatively correctly. A correct j-V description requires
at least diffusion to be regarded because this might be one major contribution, which is not
covered in the drift-only Murgatroyd approximation.
The quantitative comparison of measurement and drift-only approximation can be used to
receive information about the characteristic of the injection zone. The best fit to the measure-
ment data is achieved with an offset factor for the voltage, i. e. the voltage over the injection
zone is approximately Vinj ∼∝ V with a negative proportionality factor. This Ohmic behavior
indicates that Vinj is not strongly related to j, which has a voltage dependence much stronger
than linear. Consequently, Vinj can be attributed to the interplay between the equilibrium charge
carrier distribution as the most probable origin of the overall negative injection voltage and the
external voltage, or implicitly the drift-injected charge carrier density, which is proportional to
V according to equations 2.38 and 2.40.
Quantitative investigations along with an alternative evaluation of the measurement data to
obtain the charge density dependence of µ is performed in cooperation with Janine Fischer and
published elsewhere.[9]
5.4.3. Hole transport in ZnPc:C60 – blend ratio variation
To investigate the influence of the blend composition on the mobility of charge carriers, the
mixing ratio (MR) of the ZnPc:C60 blend is varied from 2:1 through 1:2 and 1:6 to 1:100.
Again, the hole mobility in the blend is investigated in p-i-p hole-only devices by means of
POEM. The measurements are performed with one set of samples each. A previous optimiza-
tion of injection contacts and thickness ranges is not performed separately for each sample,
because of the large experimental effort. Consequently, in most cases the quality of the data is
not as good as for the 1:1 blend, but always yields good enough data to determine at least the
mobility and the field activation of the hole mobility. The results are discussed and evaluated
in terms of the mobility as a function of the MR in section 5.5.
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5.4.3.1. ZnPc:C60 2:1
For the investigation of the hole mobility in ZnPc:C60 2:1 blend, the same stack as for the
1:1 blend (see section 5.4.1) is used, replacing the 1:1 blend by a 2:1 blend. The blend layer
thickness di is varied from 60nm to 180nm in steps of 10nm. It is evaluated in the range of
j ≈ (0.1 ..3)mA/cm2. The j-V data and the resulting mobility are shown in Figure 5.33. The





law according to the simplified field dependence model is made. It results in
the parameters γ = 0.014

cm/V and µ0 = 1.2 · 10−8 cm2/Vs at a charge carrier density of
n≈ (2 ..6) ·1016 cm−3.
Comparing this result to the 1:1 blend, a strong increase of the mobility is observed, as
expected for increasing ZnPc content of the blend. A further analysis including the results
from all POEM measurements will be done in section 5.5.
5.4.3.2. ZnPc:C60 1:2
The content of ZnPc is reduced, compared to the previous series, in a set of samples with MR
1:2. For the investigation of the hole mobility in a ZnPc:C60 2:1 blend, again the same stack
as for the 1:1 blend (see section 5.4.1) is used. The blend layer thickness di is varied in a
large range and the samples from 70nm to 380nm yield usable results. This range is larger
than for the previously investigated sets of samples. The thickness is varied in steps of 10nm,
however a number of devices show strongly deviating behavior and are neglected in the further
evaluation (200nm, (230 ..250)nm, (270 ..290)nm, 310nm, 330nm, and (350 ..370)nm). The
j-V characteristics are shown in Figure 5.34, they are evaluated in a range of current densities
from 0.03mA/cm2 to 37mA/cm2.
The data is analyzed by POEM (Figure 5.35a) showing a field activation, analogously to
the 1:1 blend, as well as an additional charge density activation, which is in this case well
resolvable. For the quantitative analysis, cross-sections are taken at a number of charge carrier
densities and field strengths (indicated by horizontal and vertical lines), and the resulting µ(F)
and µ(n) functions are plotted in Figure 5.35b.
Regime A – high-F -low-n: Field and charge density dependence: In the µ(F) plot on
the left hand side in Figure 5.35b, the pronounced field activation can be fitted for each charge
carrier density separately by the simplified field activation model, yielding γ values in the
range γ = (0.006 ..0.009)

cm/V. Only for low F and high n values, few data points deviate
towards a weaker field activation. However, in this plot, it is not clear whether they can be
interpreted as real values or rather should be neglected as outlying values. The absolute values
of the µ(F) characteristics at different n values do not coincide on the same line, but show a
clear trend of higher µ for higher n, indicating an activation with charge density.
This dependence can be evaluated quantitatively in the µ(n) plot on the right hand side in
Figure 5.35b. In a large parameter range, the data points for each F can be approximated by a
straight line in the double-logarithmic plot, i. e. a power-law dependence
µA(n) ∝ nδA . (5.34)
The slope in the plot indicates the exponent δA yielding the best fit with δA = 1.3. This density
dependence is applied to the field activated mobility model from the previous paragraph by
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Hole transport in ZnPc:C60 2:1
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Figure 5.33.: a) j-V characteristics of hole-only devices comprising a 2:1
blend of ZnPc and C60. The blend layer thickness di is varied
from 60nm to 180nm in steps of 10nm. b) The hole mobility
resulting from the POEM reconstruction as a function of F (sym-
bols) fitted with the simplified field dependence model resulting
in µ(F) = 1.2 ·10−8 cm2/Vs · exp(0.014cm/V ·√F).
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Figure 5.34.: j-V characteristics of hole-only devices comprising a 1:2 blend
of ZnPc and C60. The blend layer thickness di is varied from
70nm to 380nm (see legend).
means of multiplication, yielding the field and charge density dependent mobility function and
its fitting results:











δA = 1.3 . (5.38)
In the measurement data, a slight variation of γ , decreasing with increasing n, is found. This
can be observed only as general trend and a quantitative determination of γ(n) is not possible
at this point due to the uncertainty of γ at each n. However, it is pointed out that the data are
also compatible with a negative γ(n) trend.
Regime B – low-F -high-n: Charge density dependence: For higher n values at low F ,
the charge density dependence gets much stronger and independent of the field strength. This
high-n regime can be fitted by a power-law function (Equation 5.34) with δB = 4:
µB(F,n) = µB(n) = µ0 ·nδB (5.39)
with µ0 = 5.9 ·10−9 cm2/Vs (5.40)
δA = 4.0 , (5.41)
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Figure 5.35.: a) The mobility µ(F,n) resulting from the POEM reconstruction
of the data shown in Figure 5.34. Cross-sections are taken at
several n and F values as indicated by horizontal and vertical
lines. b) The data from the cross-sections (symbols) at the se-
lected n values yielding µ(F) (left) and at the selected F values
yielding µ(n) (right). The data is fitted (lines) with a field and
charge density activated models for µ(F,n) as discussed in the
text, describing the two observed regimes: regime A with a pro-
nounced F and n dependence, and regime B with strong n but
a negligible F dependence. Open and filled symbols indicate
values from two different POEM reconstruction ranges.
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shown as dotted black line in the µ(n) plot in Figure 5.35b. This function can be interpreted as
an approximation of the Pasveer mobility model (Equation 2.28) with an energetic disorder of
σE = 500meV. The fit to the Pasveer model is performed with the lattice constant calculated
for ZnPc assuming a cubic lattice with a = 8.52 · 10−8 cm.∗ The mobility pre-factor is taken
as free parameter and yields µ0 = 5.6 · 10−67 cm2/Vs. In the given range of F and n, the
field dependence of the Pasveer model is negligible. It is plotted as dashed lines in regime B
in Figure 5.35b, where the field dependence is hardly resolvable. However, the applicability
of the Pasveer model with the parameter values for σE and µ0 is questionable, because their
values are very high. Consequently, the comparison must be regarded as a qualitative limit
case and the exact values of the fitting parameters might have limited validity. In consequence,
the following alternative interpretation is more plausible.
Interpretation: The power-law dependence µ ∝ nδ can be interpreted as the typical behavior
of the mobility in the presence of an exponential trap distribution.[9; 253] The value of δ can
be interpreted as the effective trap depth Et characterizing the exponential trap distribution
DOSt ∝ exp(−E/Et) with [253; 263]
Et = kBT · (δ +1) . (5.42)
Regarding the two regimes with δA = 1.3 and δB = 4.0, these values translate into exponential
trap distributions with EAt = 58meV and E
B
t = 127meV, dominating the hole transport in the
two regimes, respectively. These traps might be either intrinsic or extrinsic. The smaller
value might be correlated to the Gaussian distribution of hopping site energies, which can be
approximated by an exponential distribution in the tail towards the energy gap.[69] The larger
value might be due to chemical degradation or originating from other extrinsic traps.
The transition between the two regimes is modeled by assuming that the stronger mobility
activation mechanism completely dominates the charge transport. Mathematically, this behav-
ior is expressed as a maximum function:
µ(F,n) = max(µA(F,n),µB(F,n)) . (5.43)
This function is plotted in Figure 5.35b as solid lines and fits the data reasonably well. The
µA function describes the mobility over a wide range of parameters, indicated as “regime A:
high-F-low-n” regime. At increased n and small F , respectively, the F independent mobility
describes µ correctly and can be approximated by µB ∝ nδB with δB = 4.0, as indicated by the
“regime B: low-F-high-n” regime.
In conclusion, the 1:2 blend of ZnPc and C60 yields the highest quality POEM data achieved
for this material blend. The measurement gives information about the field activation of the
effective hole mobility as well as the charge carrier density activation. The results are obtained
for the charge carrier density range of n ≈ (1 ..6) · 1016 cm−3, which is a comparably small
range of less than one order of magnitude, but yields data with high enough accuracy to obtain
a well-resolvable charge density dependence. In the result, two regimes are observed, where
an independent field and charge density dependence according to Equation 5.35 is applicable
in a large range up to n≈ (3 ..5) ·1016 cm−3 and above F ≈ 2 ·105 V/cm.
∗ a = 3
√
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On a microscopic level, this finding indicates that at high n, the mobility is only a function
of the charge density and the field dependence is negligible. This behavior is compatible with
the prediction by Pasveer et al. for energetically disordered systems with a Gaussian DOS,
although in a different parameter range.[119] At decreasing n, in contrast, the Pasveer model
predicts a behavior of µ ∼∝ exp(F) (i. e. a parabola-like curve in Figure 5.35b left), while
the experimental findings indicate a µ ∼∝ exp(
√
F) behavior (linear curve). Consequently,
a different mechanism is supposed to dominate transport in this range. The observed field
dependence suggests a barrier lowering effect, as described by the Poole-Frenkel model, or
a related behavior as discussed in section 5.4.2. Also in this low-n range, a dependence on
the charge density persists, however weaker than described by the Pasveer model, leading to
higher absolute µ values compared to Pasveer. This finding indicates that the transport is trap
dominated with a field activated transport channel overlaying the hopping in the Gaussian DOS
at low n.[9]
5.4.3.3. ZnPc:C60 1:6
For the investigation of the hole mobility in ZnPc:C60 1:6 blend, the same stack as for the 1:1
blend (see section 5.4.1) is used, replacing the 1:1 blend by a 1:6 blend and increasing the
thickness of the doped layers to ddoped = 50nm. The blend layer thickness di is varied from
25nm to 250nm in steps of 25nm (225nm missing). The devices are evaluated in the range
of j ≈ (0.2 ..40)mA/cm2. The j-V data and the resulting mobility are shown in Figure 5.36.
µ(F) can be well obtained (Figure 5.36b) with the best fit, resulting in the simplified field
dependence model with γ = 0.0065

cm/V and µ0 = 2.7 · 10−8 cm2/Vs at a charge carrier
density of n ≈ (2 ..8) · 1016 cm−3. However, the calculated charge density shows strong fluc-
tuations. The µ(F) trend is the same at all positions, and consequently the field activation
can be given with the same accuracy as for the other measurements. The absolute value of µ ,
however, is affected by an uncertainty of approximately half an order of magnitude, due to the
uncertainty of n. A further analysis including the results from all POEM measurements will be
done in section 5.5.
5.4.3.4. ZnPc:C60 1:100
An extreme case for a blend layer is a mixing ratio of 1:100, where the concentration of ZnPc
is approximately 1%. Recently, it was reported that this order of stoichiometry of phthalo-
cyanine donor in combination with C60 as acceptor yields surprisingly good solar cells with
high voltage and FF > 50%.[195] This finding is unexpected, because classic next-neighbor
hopping transport of holes on ZnPc can hardly be expected in such diluted material.
For the investigation of the hole mobility in ZnPc:C60 1:100 blend, the same stack as for the
1:6 blend (see section 5.4.3.3) is used, replacing the 1:6 blend by a 1:100 blend. The blend layer
thickness di is varied from 25nm to 100nm in steps of 25nm, and additionally di = 150nm
and di = 250nm. The devices are evaluated in the range of j ≈ (0.03 ..40)mA/cm2. The
j-V data and the resulting mobility are shown in Figure 5.37. µ(F) can be well resolved with
the best fit resulting in the simplified field dependence model with γ = 0.005

cm/V and
µ0 = 3.6 ·10−9 cm2/Vs at a charge carrier density of n≈ (1 ..4) ·1017 cm−3. A further analysis
including the results from all POEM measurements will be done in section 5.5.
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Figure 5.36.: Hole transport in a 1:6 blend of ZnPc and C60. a) j-V char-
acteristics of p-i-p devices with thicknesses di from 25nm to
250nm in steps of 25nm (225nm missing). b) The hole mo-
bility reconstructed from the j-V curves via POEM (symbols).
The mobility is plotted as a function of
√
F and fitted with
µ(F) = 2.7 ·10−8 cm2/Vs · exp(0.0065cm/V ·√F) (line).
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Figure 5.37.: Hole transport in a 1:100 blend of ZnPc and C60. a) j-V char-
acteristics of p-i-p devices with thicknesses di from 25nm to
100nm in steps of 25nm and di = 150nm and di = 250nm.
b) The hole mobility reconstructed from the j-V curves via
POEM (symbols). The mobility is plotted as a function of
√
F
and fitted with µ(F) = 3.6 · 10−9 cm2/Vs · exp(0.005cm/V ·√
F) (line).
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5.4.4. Hole transport in ZnPc:C70
For the investigation of the hole mobility in ZnPc:C70 1:1 blend, the same stack as for the
1:1 blend (see section 5.4.1) is used, replacing C60 by C70. The blend layer thickness di is
varied from 35nm to 70nm in steps of 5nm (di = 60nm missing) and up to 300nm in steps
of 10nm. The devices are evaluated in the range of j ≈ (1 ..450)mA/cm2. The j-V data
and the resulting mobility are shown in Figure 5.38. µ(F) can be well obtained with the best
fit resulting in the simplified field dependence model with γ = 0.005

cm/V. However, the
charge carrier density shows very strong fluctuations in the reconstruction and, consequently,
the absolute value of the mobility cannot be given with high accuracy. In Figure 5.38b, the
data is fitted with a pre-factor of µ0 = 9.5 ·10−8 cm2/Vs and the charge density might be in the
range of n≈ 1 ·1017 cm−3. However, these absolute values might be affected by an uncertainty
as large as one order of magnitude, depending of the type of averaging applied. The field
activation, in contrast, has a much better accuracy, which is expected in analogy to the other
measurements. A further analysis including the results from all POEM measurements will be
done in section 5.5.
5.4.5. Hole transport in neat ZnPc
Based on the findings from section 5.1.4, a thin dopant layer is not suitable for ZnPc hole-only
devices, due to the difficulty to achieve a SCLC situation when a dopant is present. Conse-
quently, the stack design is modified omitting the doped layer and the intrinsic ZnPc layer is
directly sandwiched between the gold electrodes. The resulting geometry is a metal–intrinsic–
metal (m-i-m) device. The work function of Au is low enough to ensure injection of holes only,
and in contrast to ZnPc:C60 blend, where the effective gap is much smaller, the gap in ZnPc
is large enough to prevent electron injection, facilitating hole-only transport. (A quantitative
sketch of the energy levels is found in Figure 5.2, disregarding the blend layer.)
In the j-V characteristics in Figure 5.39a, the devices have a comparably high resistivity,
i. e. the current density at a given voltage is lower compared to p-i-p devices. At first sight, this
observation is surprising because µ is expected to be higher than in a blend layer. However,
the lower j can also be attributed to a lower charge carrier density, a higher effective thickness,
and/or an injection barrier. For the POEM reconstruction, the devices are evaluated in the
range of j ≈ (0.01 ..320)mA/cm2. The resulting mobility is shown in Figure 5.39b. µ(F)
can be well resolved with the best fit resulting in the simplified field dependence model with
γ = 0.014

cm/V and µ0 = 1.7 · 10−8 cm2/Vs at a charge carrier density of n ≈ (0.6 ..4) ·
1016 cm−3. As shown in Figure 5.39b as dashed line, the obtained data can as well be fitted
to a µ ∝ exp(γF) model yielding µ(F) = 4.8 · 10−7 cm2/Vs · exp(1.4 · 10−5 cm/V ·F). The
pre-factors are be refined in the following paragraph. An interpretation of this observation will
be discussed in the context of the data from the other POEM measurements in section 5.5.
Built-in potential: The measurement is performed in m-i-m devices without a doped contact
layer. Due to the consecutive deposition of the layers, it must be assumed that the metal sur-
face at the two contacts differs, depending on whether the organic material is deposited on Au
or vice versa. As the work function of a metal near the surface depends on the surface struc-
ture, an internal field might overlay the obtained µ(F) characteristic, because – in contrast
to a p-i-p device with doped layers – the internal field is defined by the metal contacts only.
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Figure 5.38.: Hole transport in a 1:1 blend of ZnPc and C70. a) j-V char-
acteristics of p-i-p devices with thicknesses di from 35nm to
70nm in steps of 5nm (di = 60nm missing) and up to 300nm
in steps of 10nm. b) The hole mobility reconstructed from
the j-V curves via POEM (symbols). The mobility is plotted
as a function of
√
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Figure 5.39.: Hole transport in neat ZnPc. a) j-V characteristics of m-i-m
hole-only devices with thicknesses di from 60nm to 80nm in
steps of 10nm and up to 240nm in steps of 20nm. b) The hole
mobility reconstructed from the j-V curves via POEM (sym-
bols). The mobility is plotted as a function of F and fitted by
two different models, both yielding good agreement:
µ(F) = 1.7 ·10−8 cm2/Vs ·exp(0.014cm/V ·√F) (solid line)
µ(F) = 4.8 ·10−7 cm2/Vs · exp(1.4 ·10−5 cm/V ·F) (dashed)
The pre-factors will be refined in Figure 5.40.
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forward
reverse
Figure 5.40.: The hole mobility in ZnPc as a function of F as reconstructed via
POEM from the two directions of current: from the bottom to the
top contact (forward) and reverse. The “forward” data is taken
from Figure 5.39b, the “reverse” data is obtained analogously
from the inverse measurement in the same devices. The two
data sets are fitted with a common set of parameters based on
the µ(F) fits from Figure 5.39b, assuming an offset in the field
strength of FBI in forward and−FBI in reverse direction. FBI and
the mobility pre-factor are regarded as free parameters for the
fit, yielding FBI = 2 · 104 V/cm. The mobility pre-factors with
this adapted fit yield 2.4 · 10−8 cm2/Vs for the exp(√F) model
(solid line) and 6.5 ·10−7 cm2/Vs for the exp(F) model (dashed
line).
In approximation, this field is resolvable by comparing the µ(F) function in both directions
of transport, once injecting through the bottom contact (forward current direction), and once
injecting through the top contact (reverse current direction). Both measurements are evalu-
ated separately. A comparison between the data from the forward direction (same data as in
Figure 5.39b) and the reverse direction is shown in Figure 5.40 (symbols).
The data series show a very similar field enhancement behavior, but an offset in the absolute
mobility values. This offset can be interpreted as the influence of the built-in field overlaying
the external field. Consequently, the actual field strength in the device is F +FBI in forward di-
rection and F−FBI in reverse direction. The offset between the µ(F) curves can be interpreted
as an offset in F and has a value of 2FBI. The same fits as in Figure 5.39b are now performed
for both sets of data with the respective field correction, and the result yields a good agreement
for a value of FBI = 2 ·104 V/cm. The µ(F) data was extracted from the POEM reconstruction
at di = 180nm, i. e. the built-in potential can be calculated as VBI = FBI ·di = 0.36V. This value
characterizes the difference of the work functions of the gold contacts. The value appears rea-
sonable considering that it is in a similar range as variations of injection barriers observed at
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Figure 5.41.: The j-V data of the ZnPc p-i-p devices (symbols; same data as
in Figure 5.39a) fitted with the Murgatroyd approximation and
a parallel resistor, which is determined for every thickness di
separately from the Ohmic regime. The correction parameters
are discussed in the text.
metal-on-organic compared to organic-on-metal interfaces.[101]
The mobility pre-factors found above are refined on the basis of the field offset and yield
2.4 ·10−8 cm2/Vs for the exp(√F) fit and 6.5 ·10−7 cm2/Vs for the exp(F) fit.
Comparison to Ohmic regime: Comparing the found mobility to the result from the evalu-
ation of the Ohmic regime in section 5.1.4.3, the estimation that µ ≳ 2 ·10−5 cm2/Vs appears
compatible with the data obtained here through POEM, considering that the charge carrier den-
sity in that estimation is much higher.
Reconstruction of the j-V characteristics: The POEM results show that the charge density
in the accessible range (n ≈ (0.6 ..4) · 1016 cm−3) is similar to the values in the blend layer
measurements. Along with the higher absolute mobility, it is concluded that the higher resis-
tivity of the samples must be attributed to the injection zone, i. e. an injection barrier and/or a
smaller or vanishing reduction d0 of the effective thickness.
These effects can be distinguished from the j-V reconstruction shown in Figure 5.41: The
reconstruction is along the lines of the discussion regarding the 1:1 blend (section 5.4.2.1). To
fit the Ohmic regime, a parallel resistor is introduced, the value of which is determined for
every di individually from the regime below approximately 0.05V. The super-linear regime
is described by the Murgatroyd equation with the parameters found above (solid line fit in
Figure 5.39). For the thinnest devices, the calculated curves fit the measured data well without
any further correction. However, the thickness dependence in the measurement is weaker than
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in the Murgatroyd model. Consequently, a thickness offset d0 = −5nm is introduced. The
correct absolute j-V curve is consequently obtained by reducing the effective thickness by a
constant factor of 0.93, which might be related to inaccuracies during sample production, e. g.
an inaccurate mass density value used for the layer thickness control.
The largest deviation from the fit is observed in the transition between the Ohmic regime
and the SCLC regime. The model used for the fit is a drift-only model, and consequently,
one major source for deviations might be the influence from charge diffusion. This suggestion
is also compatible with the finding that the model fits better at higher j, because transport is
expected to get more dominated by drift at higher j.
The quantitative agreement between the Murgatroyd approximation and the measured j-V
characteristics in the SCLC range indicates that the injection of charges from Au into ZnPc is
not affected by a dominating energy barrier and that the current density provided by the hole
injection is large enough to support current densities in the whole measured range.
5.4.6. Hole transport in F4-ZnPc:C60
The donor and absorber material F4-ZnPc is a material with similar properties to ZnPc, but
with a lowered IE and thus larger effective gap, making it attractive for the application in solar
cells.[227; 228] For the investigation of the hole mobility in F4-ZnPc:C60 1:1 blend, a similar
stack as for ZnPc:C60 (see section 5.4.1) is used, replacing ZnPc by F4-ZnPc in the intrinsic
blend layer, and by MeO-TPD in the doped layers. Doping is again realized with 2wt-% F6-
TCNNQ. The blend layer thickness di is varied from 30nm to 260nm in steps of 10nm and up
to 500nm in steps of 20nm. The devices are evaluated in the range of j ≈ (0.4 ..200)mA/cm2.
The j-V data and the resulting mobilities are shown in Figure 5.42. µ(F) can be obtained with
the best fit resulting in the simplified field dependence model with γ = 0.018

cm/V and
µ0 = 1.1 · 10−9 cm2/Vs at a charge carrier density of n ≈ 2 · 1016 cm−3. A further analysis
including the results from all POEM measurements will be done in section 5.5.
5.4.7. Hole transport in DCV-5T-Me33:C60
The oligothiophene DCV-5T-Me33 is a high-performance absorbing donor material for or-
ganic solar cells in blend with C60 as acceptor.[224; 225] The hole mobility in a 2:1 blend
is investigated in p-i-p devices. The p-doped layers are made of BPAPF doped with 5wt-%
NDP9, this material has been successfully applied as hole transport layer in DCV-5T-Me33:C60
solar cells.[224] In the j-V characteristics of some devices, peaks and break-downs are ob-
served, similar to the ZnPc:C60 p-i-p devices using the dopant F4-TCNQ (section 5.1.4.1).
However, this effect is not reproducible and affects only a minority of the devices, conse-
quently it is not further investigated and the respective measurements are removed from the
data pool. The remaining samples comprise blend layer thicknesses di from 15nm to 35nm in
steps of 20nm and up to 180nm in steps of 10nm. The devices are evaluated in the range of
j ≈ (1 ..450)mA/cm2. The j-V data and the resulting mobility are shown in Figure 5.43.
The mobility function µ(F) can be well resolved in the range F ≈ (1 ..7) ·105 V/cm, (Fig-
ure 5.43b). In contrast to the materials investigated up to now, it does not follow the simplified
Poole-Frenkel model with µ ∝ exp(γ
√
F), but shows a stronger field activation. In the semi-
logarithmic µ(F) plot where F is plotted at the abscissa instead of
√
F , the data forms a straight
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Figure 5.42.: Hole transport in a 1:1 blend of F4-ZnPc and C60. a) j-V char-
acteristics of p-i-p devices with thicknesses di from 30nm to
260nm in steps of 10nm and up to 500nm in steps of 20nm
(devices with (120 ..140)nm, 240nm, 260nm, and 480nm miss-
ing). b) The hole mobility reconstructed from the j-V curves via
POEM (symbols). The mobility is plotted as a function of
√
F
and fitted with µ(F) = 1.1 · 10−9 cm2/Vs · exp(0.018cm/V ·√
F) (line).
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Figure 5.43.: Hole transport in a 2:1 blend of DCV-5T-Me33 and C60. a) j-V
characteristics of p-i-p devices with thicknesses di from 15nm
to 55nm in steps of 20nm and from 70nm to 180nm in steps of
10nm. b) The hole mobility reconstructed from the j-V curves
via POEM (symbols). The mobility is plotted as a function of F
and fitted with µ(F) = 9.0 ·10−7 cm2/Vs ·exp(4.8 ·10−6 cm/V ·
F) (solid line) and with the Pasveer model (dotted lines) with
an energetic disorder of σE = 50meV and a lattice constant of
a = 10.8nm.
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line in the range up to F = 5.5 ·105 V/cm, indicating a dependence according to
µ(F) = µ0 · exp(γ ·F) . (5.44)
A fit of the parameters in this range yields γ = 4.8 ·10−6 cm/V and µ0 = 9.0 ·10−7 cm2/Vs at
a charge carrier density of n≈ (4 ..15) ·1016 cm−3.
The exp(F) dependence can be interpreted as the limiting case of the Pasveer model (Equa-
tion 2.28) for high F and a small energetic disorder σE. However, for a good agreement in the
range down to F = 1 ·105 V/cm, the disorder needs to be selected smaller than σE ≤ 50meV,
which is a very small value compared to results from CELIV measurements yielding approx-
imately 100meV.∗ In this context, the applicability of the Pasveer model is questionable, the
qualitative coincidence might also be coincidence. In the following, the interpredation of the
fit is still discussed for completeness. If the fit is applicable, the lattice parameter is regarded as
free parameter for the field activation, yielding a = 10.8nm. The corresponding pre-factor is
µ0(RT ) = 4.8 ·10−7 cm2/Vs. This fitting result to the Pasveer model is shown in Figure 5.43b
as dotted line. Smaller values for σE are mathematically well compatible with the data points,
however, they sensibly yield larger values for a, e. g. σE = 45meV results in a = 33nm, which
is much larger than a realistic molecular next-neighbor hopping distance. Consequently, the
obtained lattice constant must be regarded as a lower limit and the energetic disorder as upper
limit for the hole transport in DCV-5T-Me33:C60 1:1 blend:
σE ⪅ 50meV , (5.45)
a ⪆ 10nm . (5.46)
The obtained number of a is larger than the typical π-π stacking distance of DCV molecules,
which is in the range of (0.3 ..0.4)nm.[264] Consequently, if the Pasveer model is the correct
description for the hole transport in DCV-5T-Me33:C60, it indicates that the mobility would
be characterized by larger distances. The precise applicability of the Pasveer model for such
large hopping distances must be regarded critically, as long as further microscopic details of a
single hopping step are unknown.
Looking into the microscopic origin of a possible large hopping distance, sites might, on the
one hand, be de-localized over more than one molecule, increasing the effective size of a site
and consequently also the center-to-center distance between sites. On the other hand, small
densely packed or crystalline volumes [264] might have a higher intrinsic mobility.[53; 54]
Even if the de-localization in these volumes is not perfect, they might constitute an effective
hopping site with respect to the “hopping” onto the next respective volume element, due to
their high intrinsic mobility, again acting as one extended effective hopping site. In an X-ray
diffraction (XRD) study, the crystallite size in neat DCV-5T-Me33 was found to be (6±2)nm,
and in heated blend layers with C60 40nm.[224] Although the crystallite size in the unheated
blend is expected to be smaller than the value estimated in Equation 5.46, the XRD results
show that the formation of crystallites can actually be observed for this material.
In conclusion, the interpretation with the Pasveer model is possible, although strong doubts
about the validity remain. Further discussion will be given in section 5.5.
∗ CELIV measurements by Vaidotas Kažukauskas, Vilnius University
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Figure 5.44.: Electron transport in a 1:1 blend of ZnPc and C60: j-V character-
istics of n-i-n devices with thicknesses di from 100nm to 300nm
in steps of 50nm.
5.4.8. Electron transport in ZnPc:C60
For the investigation of the electron mobility in ZnPc:C60 1:1 blend, an n-doped–intrinsic–n-
doped (n-i-n) electron-only device is designed. Analogously to the p-i-p devices, the intrinsic
ZnPc:C60 blend is sandwiched between transport layers consisting of C60 n-doped with 5wt-%
W2(hpp)4 with a thickness of ddoped = 50nm. The metal contacts are made of aluminum.
∗ The
blend layer thickness di is varied from 100nm to 300nm in steps of 50nm. The devices are
evaluated in the range of j = (7.5 ..422)mA/cm2. The j-V data is shown in Figure 5.44.
The data, which is obtained from only five thicknesses, only yields one mobility value in the
middle of the investigated range for each j (Figure 5.46). Consequently, a field dependence
and a charge density dependence cannot be distinguished. Assuming that both field and charge
density dependence are positive, the field dependence is the dominating mechanism and can
be further investigated. The µ(F) data (Figure 5.45) is obtained at a charge carrier density of
n≈ (4 ..8) ·1015 cm−3.
The data show a wave-like structure which does not allow to decide for one of the discussed
models. Assuming the simplified Poole-Frenkel mobility model as observed for hole transport
in ZnPc:C60, the best fit yields γ = 0.013

cm/V and µ0 = 1.1 · 10−6 cm2/Vs (solid line).
Disregarding the local peak around
√
F ≈ 450V/cm, a curved shape can be assumed as
trend of the data points. An alternative fit with the exp(F) model from Equation 5.44 is shown
as dashed line, it results in γ = 1.4 ·10−5 cm/V and µ0 = 1.8 ·10−5 cm2/Vs, however, not re-
producing the observed curve shape well. The best reproduction of the curve shape is achieved
using the Pasveer model with an energetic disorder of σE = 200meV (dotted line). However, a
∗ Sample design in cooperation with Janine Fischer, IAPP
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Figure 5.45.: Electron transport in a 1:1 blend of ZnPc and C60: The hole mo-
bility reconstructed from the j-V curves via POEM (Figure 5.46).
The mobility is plotted as a function of
√
F and fitted with
µ(F) = 1.1 ·10−6 cm2/Vs · exp(0.013cm/V ·√F).
large value for the lattice constant of a = 7.2nm has to be assumed, which is essentially larger
than expected from the molecular size of 0.7nm or typical center-to-center distance in a crys-
tal of (1.01 ..1.14)nm for C60 molecules.[265] If the Pasveer model holds true as the correct
description for the electron transport in ZnPc:C60, the large a value indicates the formation of
crystallites or oligomers acting as effective hopping sites.[51; 266]
In conclusion, a field activation of the electron mobility in ZnPc:C60 1:1 can be resolved,
however, the measured µ(F) curve is distorted by measurement artifacts. A decision about the
correct mobility model can, thus, not be made and the exact values cannot be regarded as reli-
able. At this point, only the order of magnitude of the effective mobility (10−4 ..10−3)cm2/Vs
can be stated, as well as the presence of a positive µ(F) dependence. The reconstruction is
based on a small set of only five thicknesses, i. e. the discretization is very rough and the cur-
vature of the x-dependencies might be underestimated, although the interpolation is performed
on a logarithmic scale (see curvature of the V (x) and F(x) data in Figure 5.46). Consequently,
the charge density might be underestimated and the obtained value for µ must be regarded as
upper limit µ ⪅ 10−3 cm2/Vs.
5.4.9. Electron transport in neat Bis-HFl-NTCDI
The characterization of electron transport in a neat material via POEM is demonstrated in Bis-
HFl-NTCDI, a material which has been successfully applied as electron transport layer in solar
cells.[179] The thickness di is varied from 5nm to 35nm in steps of 10nm and up to 100nm in
steps of 5nm. It is sandwiched between n-doped contact layers, consisting of 10nm C60 doped
with 3wt-% W2(hpp)4. C60 is chosen as transport material because it is known to be dopable
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Figure 5.46.: Electron transport in a 1:1 blend of ZnPc and C60: POEM re-
construction of µ from the j-V data in Figure 5.44 (only every
second j shown).
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with W2(hpp)4 [267] and to form a well-conducting contact with Bis-HFl-NTCDI.[179] The
devices are contacted with aluminum, which has a smaller work function compared to gold,
allowing for good and selective electron injection.
The devices are evaluated in the range of j ≈ (5 ..900)mA/cm2. The j-V data and the
resulting mobility are shown in Figure 5.47. In the range F < 3 · 105 V/cm, µ(F) follows
the simplified field dependence model with high accuracy, yielding γ = 0.005

cm/V and
µ0 = 1.8 ·10−6 cm2/Vs at a charge carrier density of n≈ (1 ..6) ·1018 cm−3.
Comparison to OFET measurement: In OFET measurements, an electron mobility in Bis-
HFl-NTCDI of µ = 3.1 ·10−6 cm2/Vs is obtained at a field strength of FOFET ≈ 50V/20µm =
2.5 · 104 V/cm and a charge carrier density in the range nOFET ≈ (3.6 ..27) · 1018 cm−3.∗ Ex-
trapolating the µ(F) function obtained through POEM to FOFET, the resulting mobility value of
µ(FOFET) = 4.0 ·10−6 cm2/Vs is in good agreement with the OFET measurement, indicating
that a charge density dependence is not present or very small in the investigated range.
∗ OFET measurement by Moritz Philipp Hein, IAPP
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Figure 5.47.: Electron transport in Bis-HFl-NTCDI. a) j-V characteristics of
n-i-n devices with thicknesses di from 5nm to 35nm in steps
of 10nm and up to 100nm in steps of 5nm (55nm missing.
b) The hole mobility reconstructed from the j-V curves via
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5.5. Summary and discussion of the results
In the previous sections, the POEM technique was applied to measure the charge carrier mobil-
ity in a number of materials and material systems with the focus on ZnPc:C60 in various mixing
ratios. The resulting mobilities from all measurements are summarized in Table 5.2 and plot-
ted in Figure 5.48. The effective hole mobilities are in the range of (10−8 ..10−4)cm2/Vs, the
electron mobilities are in the range (10−5 ..10−3)cm2/Vs. In all cases, a field activation of the
mobility is observed.
Diverging µ at high F : In the POEM reconstructions of µ(F), an additionally increasing
µ above the fitted µ(F) behavior is observed at high F in several measurements (Bis-HFl-
NTCDI, DCV-5T-Me33:C60, ZnPc, and ZnPc:C60 1:100). It is not interpreted because in all
cases, it is not distinguishable whether it is a true µ(F) effect or if it might originate from a
charge density dependence: At higher j, also n is expected to increase. In most cases the data
do not allow for a high-accuracy reconstruction of n and consequently a quantitative resolution
of the µ(n) relation is not possible. In consequence, an interpretation of the high-F mobility
divergence is skipped at this point. In the measurements where only µ(F) can be resolved, the
focus is on the range where the applicability of a µ(F) model indicates the dominance of the
corresponding mechanism.
5.5.1. Phthalocyanine:C60 blends
The hole mobility in the ZnPc and F4-ZnPc blends yields the form exp(γ
√
F) indicating that
energetic barriers dominate the transport and they can be effectively lowered by an external
field. These might be barriers between hopping sites or crystallites.
5.5.1.1. ZnPc:C60
For hole transport in ZnPc:C60, data for several mixing ratios is available, obtained at different
charge carrier densities. For a direct comparison of the data, a normalization to the same charge
density is necessary. The charge density dependence is only resolvable in the 1:2 blend, and
the best assumption available at this point is that all blends might have approximately the same
charge density activation, as the charge transport is expected to take place predominantly on
ZnPc. A pronounced field activation is observed in all blends, and consequently the charge
activation from regime A (high-F-low-n regime; see Figure 5.35), µ ∝ n1.3, is used for the








where nmin and nmax are the range boundaries as given in the respective discussions above and
in the last column of Table 5.2. The mobility is normalized to a common value of nnorm =
2 ·1016 cm−3 via
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 ZnPc:C60 1:1 RT-only
 ZnPc:C60 1:1 T-dependent
 










 ZnPc:C60 1:1 electrons*	  
 
 NTCDI electrons
Figure 5.48.: Overview over the charge carrier mobilities measured in all in-
vestigated material systems at the respective charge density of
the measurement (uncorrected data).
For numbers see Table 5.2.
* Asterisk indicates larger uncertainty, details given in the text.
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yielding the µ(F) functions plotted in Figure 5.49a. From this comparison, it can be seen
that the mobility is clearly increasing with increasing ZnPc content of the blend. This trend is
expected, because the volume contributing to hole transport is increasing.
To obtain information about the net hole mobility within the ZnPc system, in the next step,
the mobility from Equation 5.48 is normalized to the volume content of ZnPc in the blend, i. e.
the data for a ZnPc:C60 a:b blend is multiplied by a volume correction factor
µnorm(F) · a+ba . (5.49)
Simultaneously, for this comparison the charge carrier density is regarded as only located on
ZnPc, consequently the charge density in the blend, which is used to normalize the mobility















The result is shown in Figure 5.49b. In this comparison, the trends are the same as without
the volume normalization: While the neat ZnPc clearly yields the highest µnet, the value is
reduced for the blends. A small difference between the moderate blend ratios in the range
1:1 .. 1:6 can be resolved, however the absolute net hole mobilities are all in a similar range.
They approximately stay in the corridor indicated by the shaded area in Figure 5.49b as a guide
to the eye. The µnet(F) curves seem to run towards a common value where they intersect at
low F . The extrapolation of µ(F) to values below the intersection seems unphysical, because
an increase of µ with increasing ZnPc content is expected at all field strengths. Accordingly,
the µ value at this intersection indicates the lower limit for the low-F saturation of µ(F), as
suggested in section 5.4.3.2. Using the two highest-accuracy measurements available, i. e. 1:2
and 1:1 at RT , the intersection point is at F = 1.1 ·105 V/cm and µ = 1.0 ·10−7 cm2/Vs (thin
solid gray lines in Figure 5.49b). The value is in a similar range as the low-F limit obtained
directly from POEM in section 5.4.3.2, yielding in the low-F saturation regime µnet(nnet) =
5.9 ·10−8 cm2/Vs.
This observation constitutes a second consistent indicator for the existence of a low-F
regime with weak or negligible field activation of µ in ZnPc:C60 blend.
Diluted donor system: A strong reduction of µnet is observed in the 1:100 blend. As ex-
pected in a diluted blend, the hole transfer between ZnPc molecules is not efficient and the
net mobility is reduced by at least one order of magnitude compared to the moderate blend.
However, the result clearly shows that – although continuous nearest-neighbor hopping can be
excluded from the small concentration of ZnPc – the hole transport is not completely hindered.
The hole transport must rather be facilitated either by hopping processes over larger distances
or by transport via C60. The former mechanism is highly unlikely, regarding that the average
distance between ZnPc molecules is nearly five-fold (factor 3
√
100 ≈ 4.6) compared to neat
ZnPc. It is concluded that a classic hopping step between ZnPc molecules does not dominate
the hole transport.
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Figure 5.49.: Hole transport in ZnPc:C60 at different mixing ratios: Same data
as in Figure 5.48: a) normalized to n = 2 · 1016 cm−3 assuming
the charge density dependence obtained from the high-F-low-n
regime in the 1:2 blend (µnorm) and b) additionally normalized to
the content of ZnPc in the blend (µnet, nnet). The shaded area is a
guide to the eye grouping the moderate blend ratios in the range
1:1 .. 1:6. The characteristic of the 1:1 blend is extrapolated to
its intersection with the 1:2 blend at low F (gray solid line).
* Asterisk indicates larger uncertainty, details given in the text.
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Regarding the transport via C60, either a hole current on the HOMO of C60 or a minority
transport via electrons on the LUMO is possible. The latter implies a thermal generation-
recombination equilibrium with drift transport of minority carriers during their lifetime as
suggested in [9]. The energetic distance between the HOMOs of ZnPc and C60 is approxi-
mately 1.3eV, i. e. larger than the effective transport gap between the HOMO of ZnPc and the
LUMO of C60, accounting for approximately 1.1eV. Consequently, even if the Fermi level is
very close to the HOMO of ZnPc, the thermally activated density of electrons on C60 is larger
than the thermally activated density of holes. Considering additionally the high mobility of
electrons in C60 (see section 5.4.8 and references [130; 268; 269]), the thermal generation of
electrons is expected to be the main source for the measured hole mobility. From this point of
view, the absolute value of the effective hole mobility is an interplay of the thermal electron
generation rate in the blend and the electron mobility, and the field activation can be attributed
to the electron mobility and field-assisted free-carrier generation [89] rather than the hole mo-
bility.
Field enhancement factor: The field enhancement factor γ is plotted as a function of the
blend ratio in Figure 5.50. The values show a clear increase with increasing ZnPc content, up
to a blend ratio of 2:1, where it has the same value γ = 0.014

cm/V as in neat ZnPc. This
observation indicates that at a ZnPc content of 2/3 and above, the transport is solely dominated
by ZnPc-only transport. The reduction of the mobility must be attributed both to the reduction
of the ZnPc volume and to the consequent transition from direct transport in neat material to
the transport along percolation paths in the blend.[31; 34; 118]
Assuming the validity of the Poole-Frenkel model (section 2.3.3.1), the saturation value of
γ = 0.014

cm/V can be related to the relevant effective dielectric constant
εr =
e3
π · ε0 · (γ · kBT )2
≈ 4.6 . (5.52)
This value is similar to the value εr = 4.7 obtained by impedance spectroscopy for ZnPc:C60
1:1.[73]
The value from reference [73] has been used during the POEM evaluation, and consequently
the independence of the result in Equation 5.52 from this input value requires discussion: The
input value from the reference is used during the POEM evaluation to calculate the charge den-
sity through Poisson’s equation. It is a linear factor in the calculation of n, and consequently
a linear factor in µ . A change of the used input value for εr results in an offset factor for the
calculated mobility pre-factor, but has no influence on the obtained field dependence. Conse-
quently, the result in Equation 5.52 can be regarded as independent of the value from reference
[73], and the comparison of the values is a valid confirmation for the quality of the obtained
results.
When reducing the ZnPc content below 2/3, the reduction of the value of γ clearly shows
that the dominating transport mechanism begins to change. Regarding the discussion about
the 1:100 blend in the previous paragraph, the transport in the diluted case can be attributed –
at least partially – to electron transport in C60, characterized by the field enhancement factor
of γ = 0.005

cm/V. The mixing ratios between 1:100 and 2:1 show a continuous increase
of γ , indicating that in these blends both transport channels are present: Even in a 1:1 blend,
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Figure 5.50.: The field enhancement factor γ of the hole mobility in ZnPc:C60
blend plotted as a function of the blend ratio (top axis) re-
spectively the relative ZnPc volume in the blend (bottom axis).
The first five data points are fitted linearly as a guide to the
eye, and the resulting function is cut off when reaching γ =
0.014

cm/V, which is the saturation value for a high ZnPc
content.
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the electron transport through thermally generated electrons contributes significantly to the
conductivity, although the hole density is essentially larger than the electron density.
5.5.1.2. Neat ZnPc
Neat ZnPc is measured in m-i-m devices, i. e. the intrinsic material is directly contacted by
Au electrodes. In this case, the effective layer thickness equals the nominal layer thickness, a
thickness correction is not required. This circumstance illustrates that the diffusion of charge
carriers from the metal contacts into the intrinsic layer is much weaker than in the p-i-p devices
and the complete intrinsic layer contributes to the SCLC. The difference to p-i-p devices can
be explained by the WF of the Au contacts being higher in energy than the Fermi level of p-
doped layers, i. e. the distance from the contact Fermi level to the hole transport level in ZnPc
is larger and the energy level bending is smaller.
5.5.1.3. Comparison to other methods
Comparing the obtained mobility in neat ZnPc to CELIV measurements,[270] a very good
agreement of the field enhancement factor is found. This reference yields another independent
confirmation for the obtained values. The absolute mobility in the CELIV measurement is
higher than in the POEM measurements, however the charge density in the CELIV measure-
ment is not given and the values cannot be directly compared.
In p-doped ZnPc, the hole mobility increases with increasing doping concentration as shown
by Männig et al. in OFET measurements.[271] At high doping concentrations of approximately
5mol-%, the mobility is found to be above 10−3 cm2/Vs. With the doping concentration re-
duced down to 0.7mol-%, the mobility decreases by approximately one order of magnitude at
a hole density of approximately 3 · 1018 cm−3. This value is in a similar range as the mobil-
ity obtained through POEM, though at a much higher charge density and a much smaller field
strength in direction of transport (F ≈ 102 V/cm). The values are not directly comparable, but
when regarding the field and charge density dependence, they can be regarded as compatible.
In this case, the values obtained in reference [271] can be regarded as low-field limit of µ(F)
at the respective hole densities.
The mobility measured by OFET measurements in the ZnPc:C60 blend at blend ratios in-
cluding 1:2, 1:1, 2:1, and neat ZnPc is reported in reference [272], yielding hole mobilities
in the range (2.9 ·10−5 ..1.9 ·10−3)cm2/Vs and a 1:1 electron mobility of 1.4 ·10−2 cm2/Vs.
Agreement is found in the trend of the hole mobility increasing at increasing ZnPc content,
however, the OFET charge carrier density in the range of nOFET ≈ 1019 cm−3 makes a direct
comparison of the absolute values difficult. The same applies to the electron mobility.
A confirmation for the values obtained via POEM is found in simulations focusing on the
fill factor of organic solar cells by Tress et al. [272]: The calculations yield the best agree-
ment with experimental data for hole mobilities of 2.25 · 10−5 cm2/Vs, 2.25 · 10−5 cm2/Vs,
8 · 10−6 cm2/Vs, and 4 · 10−6 cm2/Vs, respectively, for the mixing ratios 2:1, 1:1, 1:2, and
1:3, and 10−4 cm2/Vs for the electron mobility in the 1:1 blend. In the calculations, the field
strength in the bulk is in a similar range as in the POEM measurements and slightly lower
((5 ..10) · 104 V/cm). The charge carrier densities are in the same range as in the POEM
measurements with hole densities of (1 ..5) · 1016 cm−3 and electron densities of (1 ..10) ·
1015 cm−3. All these values are in good agreement with the mobilities obtained in this work,
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indicating that the measurements via SCLC actually yield the values and the parameter ranges
which are relevant to model organic solar cells.
An extensive study of SCLC measurements in phthalocyanine:C60 blends has been reported
on copper phthalocyanine (CuPc).[130] Due to the similarity of the molecules, it is expected
that the transport might behave similar, too. In agreement with the data obtained by POEM,
it is reported that the transport in neat CuPc as well as in the blends with C60 shows a field
activation following the simplified Poole-Frenkel model. Agreement is also found in the quali-
tative trends with the hole mobility getting smaller for decreasing CuPc content. However, the
absolute µ values are considerably higher, the charge carrier densities are much lower, and the
obtained field activation is much weaker, yielding e. g. in neat CuPc γ = 2.3 · 10−4cm/V,
which is nearly two orders of magnitude less than obtained here for ZnPc. The trend of γ for
increasing C60 content is inverse to the findings by POEM. The deviations of the different γ
values in this study might be related to the fitting model, because the Poole-Frenkel equation
(Equation 2.21) is used to calculate the j-V characteristics for fitting instead of the Murgatroyd
approximation (Equation 2.41). The field strength is not regarded microscopically but as mean
value V/di, and the charge carrier density is obtained only as a function of the voltage, and
approximated constant throughout the device, yielding comparably small values in the range of
1015 cm−3. These simplifications might have a major impact on γ . As the zero-field mobility
is only determined as the extrapolation of the measured µ(F) function to F = 0V/cm, these
deviations in γ can be directly attributed to the large deviations in µ . In conclusion, the gen-
eral observation of a field activation coincides with our observations, as well as the mobility
trend with varying blend ratio. However, a direct comparison of the absolute values renders
not applicable.
5.5.1.4. F4-ZnPc:C60
In the F4-ZnPc blend, the absolute mobility is found to be higher than in the unsubstituted
ZnPc blend, and a stronger field activation is observed. This observation might be an indi-
cation that the barriers for transport are smaller or fewer, respectively, or that the effective
relative permittivity is higher. In OFET measurements, i. e. at smaller F and larger n, the hole
mobility in the F4-ZnPc:C60 blend is 1.5 · 10−5 cm2/Vs,∗ a value which is one order of mag-
nitude smaller than in ZnPc:C60 [272] with both measurements taken at similar measurement
conditions (see section 5.4.9). These different trends can be well understood when observing
the field activation parameter in both blends: The value of γ in F4-ZnPc:C60 is larger than in
ZnPc:C60 and consequently, a crossing of the curves towards smaller field strength is expected.
The low-field limit of the mobility is described by the OFET values while the stronger field
dependence in F4-ZnPc:C60 over-compensates the difference at high F .
5.5.2. DCV-5T-Me33:C60
The field activation of the hole transport in DCV-5T-Me33:C60 blend has the form of µ ∝
exp(γF), A charge carrier density could not be resolved, but cannot be excluded. Interpretation
according to the Pasveer model yields σE⪅ 50meV. On a microscopic level, the exp(γF) shape
of the µ(F) function in DCV-5T-Me33 would indicate a strong overlap of the π systems of
∗ OFET measurement by Moritz Philipp Hein, IAPP, preliminary results published in reference [228]
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neighboring sites, which would be in agreement with X-ray structure analyses by Fitzner et al.
[224] describing a dense packing arrangement. However, not all parameters of the exp(γF) fit
can be well understood and this interpretation should be regarded as preliminary.
The mobility determined in OFET measurements is approximately 7 ·10−5 cm2/Vs,∗ which
is considerably higher compared to the mobility obtained by POEM, although at a lower F .
Regarding that n is much higher in OFET measurements, this difference is an indicator for a
pronounced µ(n) dependence. It might have an additional influence on the measured µ(F) de-
pendence, which cannot be resolved in the above measurement. For a conclusive interpretation,
complementary measurements or refined POEM measurements would be required, especially
to resolve µ(n), because this influence is not reflected in the above POEM measurement and
discussion.
5.5.3. Conclusion
In this chapter, a novel method for the measurement of the charge carrier mobility in organic
semiconductors was presented: It was shown that the variation of the device thickness of single
carrier devices gives access to the bulk transport properties of the material. This technique
is independent of a possible injection barrier, interface dipole, series resistance, or similar
disturbances.
This POEM (electric potential mapping by thickness variation) approach was verified with
simulated data. The effective mobility could be resolved – without the need for a model input
– in the ideal case as a function of the field strength and the effective charge carrier density:
µ(F,n).
The method was subsequently applied to a variety of organic semiconductor materials and
blends relevant for organic photovoltaics. The resulting charge carrier mobilities are sum-
marized in Table 5.2 and illustrated in Figures 5.48 and 5.49. The results were verified by
comparison to other methods, e. g. OFET measurements, taking the different F and n values
into account, extrapolating the µ(F,n) found through POEM to the parameter range accessible
by OFET. A focus was set on the blend of ZnPc and C60, where the blend ratio was varied
and temperature dependent measurements were performed. From these investigations, it could
be concluded that the effective hole mobility is both field activated and charge carrier density
activated and increasing with higher ZnPc content. In the field activation, two coinciding indi-
cators for a saturation of µ at low F are found. The transport in highly diluted ZnPc indicates
that the nominal hole transport cannot be attributed solely to ZnPc but must be regarded as
an effective transport including also charge transport over C60 molecules, also in the moderate
blend ratios.
In conclusion, a unified description of charge transport in organic semiconductor including
blend layers is not possible at this stage. Peculiarities of every material system have to be taken
into account, regarding e. g. molecular structure and morphology. A common feature found in
all cases is a pronounced field activation, which is in good agreement with common transport
models for disordered materials.
∗ OFET measurement by Jens Jankowski and Christian Körner, IAPP
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6. Organic solar cell characteristics:
the influence of temperature
Organic solar cells (OSCs) are characterized as a function of temperature T
and illumination intensity I. Fundamental dependencies are discussed on the
basis of ZnPc:C60 devices and related to the underlying physical processes.
Subsequently, the focus is put on the open-circuit voltage VOC(I, T) as a
means to determine the charge transport levels in the active materials.
Step by step, different parts of the device stack are varied to investigate their
influence on the transport level determination.
Parts of this chapter have been published in Refs. [2; 3].
The characteristics of OSCs show a strong dependence on the device temperature T .[187] All
benchmark figures, i. e. the short-circuit current density jSC, the open-circuit voltage VOC, the
fill factor FF , and eventually their interplay in the power conversion efficiency η , are different
functions of T . Regarding the application of organic photovoltaics (OPV), these trends have a
direct impact on the harvesting factor (see also section 2.5.11), one of the key figures for the
practical use of solar cells. In the following chapter, T dependent measurements are applied to
get access to details of the physical processes, particularly regarding the generation of photo-
current and photo-voltage. The understanding of these processes supports the basic scientific
description of organic semiconductors as well as the optimization of specialized applications
of OPV.
6.1. ZnPc:C60 solar cells
The donor-acceptor material system ZnPc:C60, which was investigated with respect to its trans-
port properties in chapter 5, is now applied in bulk heterojunction (BHJ) solar cells.
6.1.1. Temperature variation
A 1:2 blend of ZnPc and C60 is used as bulk heterojunction in a p-i-i type solar cell:
ITO






6. Organic solar cell characteristics: the influence of temperature
The thin BPhen layer at the metal contact is known to result in a good electronic contact to
C60.[216] In order to keep the evaluation easy to handle, the same material is selected as hole
transport material (HTM) and donor material: The hole transport layer consists of ZnPc p-
doped with 9wt-% F4-TCNQ.
The solar cells are characterized at varying T with and without illumination. The illumina-
tion is realized with a halogen light bulb. Its intensity I1 corresponds to a mismatch-corrected
value of approximately 1.3suns ≈ 130mW/cm2 (see also section 3.3.2). The current-voltage
characteristics at selected T values are shown in Figure 6.1a. In the dark characteristics (dashed
lines), the onset voltage increases with decreasing temperature, as expected from the diode
equation (Equation 2.53). In the illuminated case (solid lines), an increase of the short-circuit
current with increasing temperature can be observed. The reduced value at 273K might be
a measurement error. The benchmark figures extracted from the j-V curves at all measured
temperatures are plotted as functions of T in Figure 6.1b&c.
6.1.1.1. Short-circuit current density
The short-circuit current density jSC increases with increasing T . Taking jSC as measure for the
photo-current, this dependence can be attributed to the thermal activation of polaron transport
(see also section 5.4.2) and exciton transport, probably along with a temperature dependent
exciton dissociation efficiency ηdiss.[10]
Evaluation by direct fit: In a first approach, the jSC(T ) curve is directly fitted with a simpli-
fied thermal activation equation






where Teff = T −T0 is the effective temperature, which needs to be introduced to reproduce the
curvature of the data. The fit is shown in Figure 6.1b as dotted line and yields T0 = 143K and
∆ = 1.7meV. It fits the measured data reasonably well, however the meaning of the effective
temperature cannot be clarified at this point, and the activation energy ∆ has a very low value
compared to the energetic disorder expected from the transport measurements (section 5.4.2)
or typical trap depths (section 5.4.3.2).
Evaluation based on exciton dynamics: Comparing the jSC(T ) behavior to the temper-
ature dependence of the exciton diffusion length ℓexc in ZnPc, as determined by Bernhard
Siegmund,[10] a fundamental difference can be observed: The ℓexc is independent of temper-
ature at T ≲ RT , while jSC shows a particularly strong increase at lower temperatures. Also
the thermal activation energy at T ≳ RT is two orders of magnitude larger than ∆. In Ref. [10],
also ηdiss is determined as a function of T . It has a wide maximum in the range between ap-
proximately 260K and RT , and decreases below and above. ηdiss is expected to be a direct
factor in jSC (see Equation 2.66), consequently a correction of the measured jSC(T ) data by
ηdiss(T ) yields a direct step towards the origin of the jSC(T ) behavior. In order to perform
the correction, the ηdiss(T ) function from Ref. [10] is approximated by the empiric analytic
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Figure 6.1.: a) Current-voltage ( j-V ) characteristics of ZnPc:C60 p-i-i devices
at varying T (selected temperatures shown). b) Benchmark fig-
ures extracted from all measured temperatures. The VOC(T ) data
is fitted with a linear regression, the jSC(T ) with exponential ther-
mal activation (details in the text; alternative interpretation in Fig-
ure 6.2).
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275K for T < 260K
−T−295K167K for T > 295K
0 else ,
(6.2)
where the values in the denominators indicate the slopes in the respective regimes. ηdiss(T ) is
plotted in Figure 6.2a along with the jSC(T ) data (shown again in the same plot). jSC(T ) is
divided by ηdiss(T ) and the result is shown in Figure 6.2b as symbols. It is compared to ℓexc
(same plot) as determined in Ref. [10], described by

















∆ = 160meV .
Interpretation: The measurements by Bernhard Siegmund are based on flat heterojunction
(FHJ) devices, while the measurement under discussion here is a bulk heterojunction de-
vice. The ηsep(T ) behavior is assumed to be independent of the geometry, i. e. whether the
heterojunction is a quasi-flat interface or in a blend layer. The good agreement between
jSC(T )/ηsep(T ) and ℓexc (Figure 6.2) indicates that the thermal activation of jSC is dominated
by the same mechanisms in FHJ and BHJ devices, which means that jSC in the BHJ device is
actually dominated by the charge generation process. At low T , an increase of ηdiss leads to
a strong increase of jSC. Above RT , the exciton diffusion length increases strongly, leading to
a further increase of jSC, although ηsep is not increasing any more or even decreasing, as sug-
gested by Siegmund. The influence of other mechanisms like e. g. transport or recombination
seems to be either small in the short-circuit case, or weakly temperature dependent.
In the range below RT , a negative T dependence remains in the jSC/ηsep data. Comparing
a BHJ with a FHJ, recombination is expected to be more pronounced in the BHJ device due
to the larger interface between donor and acceptor. The slope below RT might be related to
increasing charge recombination through the increasing mobility, reducing jSC with increasing
T .
At higher T , the measurements presented here indicate a lower T0 and smaller ∆ in Equa-
tion 6.3, or a higher slope of ηsep(T ) above RT . Another possible reason is correlated to the
domain size in the blend: The strong correlation of jSC with ℓexc indicates that the average ef-
fective domain size in the blend – implicitly the average distance to be covered by an exciton in
order to reach a donor-acceptor interface – is at least similar to ℓexc ≲ 15nm. The observation
that the slope of jSC/ηsep is less steep than of ℓexc might be an indicator that 15nm is already
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Figure 6.2.: a) The jSC(T ) data (symbols; same data as in Figure 6.1b) is re-
lated to ηsep(T ) (line) as reported in Ref. [10]. b) Their ratio
(symbols) is compared to ℓexc (line) from Ref. [10].
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similar to or slightly larger than the domain size. Combining these two constraints, the domain
size is expected to be in the same range as ℓexc. This interpretation is in agreement with the
microscopic images shown in the work by Riede et al. [48, Figure 6].
6.1.1.2. Open-circuit voltage
The open-circuit voltage (Figure 6.1b) shows a negative T dependence with a linear character-
istic, as expected from the ideal solar cell behavior (Equation 2.55). It can be linearly fitted
via
VOC(T ) = V0− kBTe · c1 (6.4)
with V0 = 0.9V
c1 = 15.1 .
The linear fit shows very good agreement with the measured data. The physical meaning of
the fitting parameters will be discussed in detail on the basis of a larger quantity of samples in
sections 6.2ff .
6.1.1.3. Fill factor
The fill factor generally shows the same trend as jSC(T ) with increasing values at increasing
T . Only above 340K, a slight decrease can be observed. The positive T dependence can
be attributed to the polaron mobility and a thermally activated crossing of possible extraction
barriers. Both mechanisms allow for a better transport from the place of charge generation
in the BHJ to the contacts. In the BHJ, better transport implies a lower charge density and
consequently reduced recombination. In the transport layers, better transport implies a smaller
potential drop between contacts and the BHJ, either for electrons or for holes, or both. The
situation can be illustrated at a given j in the power-generating quadrant of the j-V curve: If
the potential drop is reduced at higher T , V is closer to the quasi-Fermi level (QFL) splitting
and in consequence, the power output
p =− j ·V (6.5)
is larger. This reasoning can be applied to the maximum power point (MPP), which directly
results in an increasing FF for increasing T .
With increasing FF , the VMPP moves closer to VOC, i. e. recombination becomes more and
more dominant. The recombination pre-factors correlate with µ (see section 2.3.7), and conse-
quently, the positive µ(T ) function (see section 5.4.2) leads to an increase of recombination for
increasing T . This correlation might be the reason for the reduced FF at T > 340K. Thermal
degradation of the sample during the high-T measurements can be excluded because after heat-
ing the sample, it is measured again at RT reproducing approximately the same performance
as before.
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6.1. ZnPc:C60 solar cells
6.1.1.4. Efficiency
The power conversion efficiency η is proportional to the output power pMPP at the MPP, which
is plotted in Figure 6.1c. Because the illumination is realized with a halogen light bulb rather
than a sun simulator, the exact illumination intensity is little meaningful and the efficiency
trends are discussed in terms of the pMPP instead of η . The pMPP as the product
pMPP(T ) =VOC(T ) · jSC(T ) ·FF(T ) (6.6)


















Up to RT , the thermal activation of jSC and FF over-compensate the negative VOC(T ) slope,
leading to a positive pMPP(T ) dependence. At increasing T , the trend is reversed. The main
reason is the linear behavior of VOC(T ): The smaller the absolute value of VOC, the larger is its
relative reduction per T interval. The absolute value of the first summand on the right-hand side
of Equation 6.7 becomes larger and above RT dominates over the others. As secondary effects,
also the reduced slope of jSC(T ) and FF(T ) (in the latter case even reversed at T > 340K)
contribute to the negative pMPP(T ) behavior at increasing T . The maximum pMPP is found at
310K.
6.1.1.5. Comparison p-i-i and p-i-n stack
In a second device, the 1:2 blend of ZnPc and C60 is applied as bulk heterojunction in a BHJ
p-i-n type solar cell:
ITO
p-ZnPc (9wt-% F4-TCNQ, 20nm)
ZnPc:C60 (1:2, 40nm)
n-C60 (5wt-% AOB, 20nm)
Al (100nm) .
The photovoltaically active donor-acceptor blend is now sandwiched between the respective
doped transport layers. In comparison to the p-i-i device from section 6.1.1, the C60-BPhen
sequence is substituted by the n-doped electron transport layer. Again, the same material
is selected as electron transport material (ETM) and acceptor: The electron transport layer
consists of C60 n-doped with 5wt-% AOB (illuminated during deposition, see section 3.1).
The j-V curves at varying T are shown in Figure 6.3a, the extracted benchmark figures
as functions of T in Figure 6.3b. All benchmark figures behave similar as in the previous
measurement, confirming that the influence from the electron extraction contact is weak in
both cases. The VOC(T ) decreases linearly with increasing T , jSC(T ) and FF(T ) increase with
increasing T with higher slope at lower T . The pMPP(T ) is dominated by the positive slope of
jSC(T ) and FF(T ) below RT and by the negative slope of VOC(T ) at higher T . The qualitative
discussion is along the lines of the previous section. The result from the VOC(T ) evaluation is
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V0 = 1.0V (6.8)
c1 = 18.8 , (6.9)
i. e. the extrapolation to 0K yields a slightly higher voltage than in the p-i-i device. The fit is
plotted in Figure 6.3b. The result will be discussed in detail in sections 6.2ff .
6.1.2. Illumination intensity variation
The p-i-n device is measured at varying illumination intensity I. In Figure 6.4, the measure-
ment at 341K is shown exemplarily. The same data is plotted twice, once in a linear plot (a)
and once in a semi-logarithmic plot (b) to resolve the low-intensity curves.
The highest intensity, i. e. the solid line in Figure 6.4, corresponds to I1 ≈ 1.3suns (see
section 6.1). The illumination intensity is reduced by filters (#0 .. #7) with the effective trans-
mission values as listed in Table 3.3 (p. 72) to achieve lower I. The solar cell benchmark
figures as functions of I are plotted in Figure 6.5 and discussed in the following.
6.1.2.1. Open-circuit voltage
The VOC increases for increasing I, reflecting the higher charge density in the active layer. In
an ideal solar cell, VOC(I) is described by a logarithmic function (Equation 2.58). It is applied
here in the generalized form
VOC(I) = a+b · log II1 , (6.10)
where a and b are fitting parameters with the unit V. In the semi-logarithmic plot in Figure 6.5,
this function is represented as a linear characteristic. At high I (filters ≤ #4), this model is a
good approximation to the measurement, as indicated by the respective fit (dashed line). At
lower I, VOC is smaller than expected. This reduction might be related to a transition to a
different recombination regime [147] or the non-optimal blocking behavior of the device: If
an additional current path is available, which is parallel to the ideal solar cell, it reduces VOC
(compare Figure 2.22). This current path can actually be observed in the dark characteristic
in Figure 6.4. It does not saturate at reverse voltage but rather follows the Shockley equation
2.53 in reverse polarity.










with jS = 21.8
µA
cm2
VT = 0.594V .
The interpretation of the fitting parameters is at this point limited to the comment that VT is
nearly 20 times larger than kBT , i. e. for a direct interpretation in terms of VT = n ·kBT a higher
effective temperature or an ideality factor larger than 2 would be required.
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Figure 6.3.: Temperature dependent characterization of a ZnPc:C60 p-i-n solar
cell: a) j-V characteristics at varying T . b) Benchmark figures
extracted from the j-V curves. VOC(T ) is fitted linearly, details
are given in the text.
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Figure 6.4.: Illumination intensity I dependent j-V characteristics of the p-
i-n device from Figure 6.3 at 341K. Same data plotted twice:
a) linear scale, b) semi-logarithmic scale. The intensity of the
illuminated measurements is given in terms of the used filter #,
details are given in the text. The dark characteristic is fitted in
reverse direction with a reverse diode equation.
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Figure 6.5.: Solar cell benchmark figures at varying I, extracted from the
curves shown in Figure 6.4 (symbols). jSC and pMPP are normal-
ized to the illumination intensity. All values are normalized with
the normalization factor given in the legend. The high intensity
part of VOC(I) is fitted with a logarithmic function (dashed line).
PhD thesis Johannes Widmer 183
6. Organic solar cell characteristics: the influence of temperature
At high I, the effect from this shunt is small compared to jSC, but at smaller I, the non-ideal
blocking behavior starts dominating. In Figure 6.4b, it can be observed that e. g. at V =−1V,
the reverse current is already more than the double of jSC.
6.1.2.2. Fill factor and output power
Also the FF is affected by the shunt, which is observed at reduced I. As seen in Figure 2.22, it
is reduced if a parallel current path is present in the device. Analogously to VOC, this reduction
gets more pronounced at lower current densities. The maximum output power pMPP is directly
correlated to VOC and FF . In Figure 6.5, it is plotted normalized to the illumination intensity.





and I can be given in units of I1. The normalized short-circuit current density jSC/I does not
show a strong dependence on I, and consequently pMPP is dominated by the reduction of FF
and VOC for lower I. At the lowest measured intensity, which corresponds to approximately
0.1% of the normal sun intensity, the efficiency is reduced to 40% of its initial value.
6.1.2.3. Short-circuit current density
Analogously to pMPP, also jSC is normalized with respect to I, where a constant value repre-
sents a linear behavior jSC ∝ I, i. e. no influence of I on η . In the data shown in Figure 6.5,
an increase of jSC/I by 5% to 10% at low I is observed, compared to I1. If jSC can be taken
as a measure for the photo-current, this increase might be interpreted as an indication that the
efficiency of the charge generation is reduced at high intensity, e. g. due to exciton-annihilation
when the density of excitons is high. However, to justify this reasoning, the relation between
jSC and the photo-current density jph requires to be checked.
6.1.2.4. Photo-current density
Generally, jSC does not necessarily coincide exactly with the photo-current density jph. In
an ideal solar cell, where recombination of photo-generated charge carriers is negligible in
the short-circuit case, they are equal (see section 2.5.7). The investigated organic solar cells,
however, do not show an ideal solar cell characteristic and have only a moderate FF , i. e. it
might be necessary to determine jph separately. The reconstruction of jph is based on the
assumption that the dominating non-ideality can be described by a shunt parallel to the ideal
solar cell.[273]
To account for the non-ideal blocking behavior at reverse bias, which was found on the
basis of the dark curve, the corresponding characteristic (Equation 6.11) is subtracted from the
illuminated curves. The resulting corrected j-V (I) curves are shown in Figure 6.6. After this
correction, the characteristics do not show a saturation regime at reverse bias. They can rather
be approximated by a linear behavior, shown as solid gray lines. It describes an additional




+ jph . (6.13)
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Figure 6.6.: Same data as in Figure 6.4 filters #0 ..#7, corrected by subtracting
the dark curve. Same data plotted twice: a) linear scale, b) semi-
logarithmic scale. In reverse direction V < 0V, the photo-current
is fitted by the Ohmic relation j = jph +V/RP (solid thin gray
lines) at each intensity separately. The resulting jph values are
shown in Figure 6.7.
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The slope in reverse direction is not the same for all intensities, and it is fitted separately for
each curve. The linear fit should be done at the smallest possible V , where the approximation
of the diode behavior to the saturation is best. However, at lower I, the linearity in the reverse
direction is lost and the j-V characteristics show negative deviations towards lower V . In this
case, the fit is done at higher voltage, though the selection of the range is rather random. The
values of RP is, thus, regarded more reliable from the higher intensities.
Discussion: The obtained jph values are compared to the corresponding jSC values in Fig-
ure 6.7a. Over the whole intensity range, jph is larger than jSC and the ratio is approximately
constant in the range 0.90± 0.03. Omitting the the jph values at the two lowest intensities,
where the linear fit might be arbitrary, the agreement between jSC and jph gets slightly better
at with I. The nearly constant ratio indicates that jSC is well proportional to and can in this
context be taken as measure for the photo current.
In Figure 6.7b, the obtained jSC and jph values normalized by I are plotted on a large scale
(open symbols) to resolve the fluctuations. If the charge generation efficiency is independent of
I, this fraction jph/I is expected to be invariant. In the plot, it can be seen that both data series
show nearly simultaneous fluctuations in the range of 5%, but a clear trend is not resolvable.
If the charge generation efficiency is affected by I, this effect is too small to be resolved and
can be neglected in the given range of intensities.
Photo-shunt: Another observation worth mentioning is the relation between RP and I (Fig-
ure 6.7b): The conductivity increases approximately linearly with I
(RP)
−1 ∼∝ I , (6.14)
i. e. this current path can be denoted as photo-shunt. It might be related to a photon-assisted
injection or barrier-crossing of charge carriers in reverse direction.[201]
Conclusion: The photo-current is proportional to the illumination intensity
jph ∝ I (6.15)
as expected in the normal operation range of a solar cell. The short-circuit current density
jSC is reduced compared to jph by approximately 10% with an approximately constant ratio.
Consequently, for the evaluation of measurements where only the proportionality to jph is
relevant, jSC is a good measure for jph. This approximation was used e. g. in section 6.1.1.1.
6.1.2.5. Temperature and illumination variation
The variation of T and I can be overlaid in a combined set of measurements to access the
complete parameter range. An illustrating example is shown in Figure 6.8. The trends are
the same as in the separate variations: The VOC decreases while jSC and FF increase with
increasing T . The influence of I on VOC is weaker than linear, i. e. VOC is dominated by T . jSC
in contrast has a weak T dependence but is directly proportional to I, i. e. I is the dominating
influence. The effect of I on FF is essentially a secondary effect of the jSC change.
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Figure 6.7.: a) jSC at varying I, extracted from the curves shown in Figure 6.4
(circles), and their corresponding jph values (crosses) at the same
intensities as calculated from the intersection of the respective fits
with the ordinate V = 0V. The difference between jSC and jph is
plotted in terms of the ratio jSC/ jph (squares). b) The jph values
from (a) normalized to I.
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Figure 6.8.: Variation of both T and I in the same device as Figure 6.4ff ,
shown exemplarily for two intensities (filters #1 and #3) and four
temperatures.
Regarding VOC, the effect of T gets weaker with increasing I. This observation is in agree-
ment with the expectation from solar cell theory according to Equation 2.58:




Because ln(I/I0) < 0, the absolute value of this term gets smaller with increasing I, i. e. the
temperature dependence gets weaker. Based on Equation 6.16, a direct interpretation of mea-
sured VOC(I,T ) data is available with respect to both parameters I and T . It makes VOC a
predestined parameter for quantitative evaluation and interpretation. This property is utilized
in the following sections to get reliable experimental access to the effective gap of a donor-
acceptor system.
6.2. VOC in flat and bulk heterojunction organic solar cells
The charge generation and recombination is different for flat heterojunction (FHJ) and bulk
heterojunction (BHJ) solar cells: While these processes are confined to a 2-dimensional rela-
tively flat interface, the BHJ can be modeled as one effective material, within which they can
take place at approximately any place in space. Details of the phase separation in the BHJ
can be incorporated by respective terms. This is shown e. g. in section 6.1.1.1 for the charge
generation, based on the temperature dependent exciton diffusion length.
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6.2.1. Qualitative difference in VOC(I, T )
Regarding VOC(I,T ), a qualitatively different behavior is observed in BHJ and FHJ devices
based on ZnPc and C60, as reported in preceding work.[4] It can be described by the general-
ized empirical equation [3]










The pre-factor of the illumination b in the FHJ device is the T independent parameter b0 with
the unit V, while it is lower and proportional to T in the BHJ device. Comparing this behavior
to Equation 6.16, the pre-factor can be identified with the diode ideality factor n.
In the following, this behavior is confirmed in another series of devices with different
dopants in the transport layers. This comparison shows that dopant-specific effects do not
dominate the VOC(I,T ) behavior, and we can assume that the measured behavior is originating
from the active materials. Furthermore, an additional device structure is manufactured, a hy-
brid bulk-flat heterojunction device consisting of a thin bulk heterojunction at the interface of
a flat heterojunction device. The stack sequence is
ITO




n-C60 (5wt-% AOB, 20nm)
Al (100nm)
with the following variable parameters:





The stacks are illustrated in Figure 6.9a. According to Equations 6.18f , they are designed in a
way that the content of donor and acceptor is the same in all devices.
The VOC(I,T ) characteristics are shown in Figure 6.9b (symbols) including the fits according
to Equation 6.17. The hybrid device shows the behavior of a BHJ device, indicating that the
generation-recombination equilibrium is dominated by the blend layer. V0 is in the same range
as in the previous measurements: V0 ≈ 1.0V.
Regarding the VOC(I) slope, both the BHJ and hybrid device have a stronger influence of I
at higher T , with n = 1 for the BHJ device and n = 1.4 for the hybrid device. From the classic
interpretation of the diode ideality factor, this would indicate a relative increase of trap-assisted
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Figure 6.9.: a) Stack sequences and b) open-circuit voltage VOC(I,T ) of a bulk
heterojunction device (left), a hybrid bulk-flat heterojunction de-
vice (middle) and a flat heterojunction device (right). The fits
(dashed lines) are done with Equation 6.17, where the hybrid de-
vice is fitted with the BHJ case.
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recombination in the hybrid device. However, it is unlikely that the density of traps changes
at the interface, because the interface is in both cases formed by the BHJ. The change in n
might, thus, be related to a difference in charge density at the recombining interface, leading
to a different recombination dynamic.[147] In the FHJ device, the VOC(I) slope is independent
of T with b0 = 55mV, i. e. an ideality factor cannot be determined.
Thermal activation of VOC: The pre-factor a, i. e. the direct T dependence of VOC, has its
largest value for the FHJ device with a = 27, while for the devices incorporating a BHJ it
is a = 17 ..20. This observation indicates that the thermal dependence of the charge carrier
generation-recombination equilibrium is different in the different device geometries.
One of the major differences between the BHJ and FHJ regarding generation-recombination
dynamics is the average effective pathway of excitons and polarons to reach the donor-acceptor
interface for separation respectively recombination. In the FHJ case, this pathway is longer, i. e.
ℓexc respectively µ are expected to have a stronger influence. The situation can be illustrated
regarding the exciton diffusion: The photovoltaically active volume – i. e. the volume at both
sides of the interface from where excitons contribute to the charge generation, scaling with
ℓexc– increases with increasing T , while it stays approximately constant in the BHJ device.
In the case of high charge carrier mobilities, density gradients within the BHJ might have an
additional influence on VOC.[143] If generation or recombination profiles are varying through-
out the active layers, local drift-diffusion currents are expected. Thus, the µ(T ) dependence
might have an additional effect on the charge density distribution and consequently on VOC.
In the hybrid device, the recombination dynamics are dominated by the thin BHJ at the
interface. In Equation 6.17, the BHJ case is well applicable to the hybrid device, however,
with a stronger T activation than in the BHJ-only device. This intermediate behavior can be
well understood in the discussed picture regarding the charge equilibrium between the intrinsic
donor and acceptor layers and the recombining BHJ.
6.2.2. Interpretation of VOC(I, T )
Having a closer look at the VOC(I,T ) dependence with a focus on VOC(T ) at constant I, Equa-
tion 6.17 can be re-written to the form
VOC(T ) = V1 +g ·T (6.20)
with V1 =









−a for FHJ ,
where V1 and g are independent of T but implicitly dependent on I. The new variable I0 is a
device-specific parameter combining the previously dependent parameters a and I1 in the BHJ
case, respectively V0 and I1 in the FHJ case.
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From a microscopic point of view, VOC is defined by the QFL splitting of donor and acceptor
eVOC = EaqF−EdqF , (6.21)
where EaqF is the QFL of electrons on the acceptor and E
d
qF is the QFL of holes on the donor.
For charge carrier densities which are low compared to the density of states in the material,
the QFL can be approximated as (see Equation 2.3, including discussion about limits of the
validity in organic semiconductors)
EaqF = EA









where EAa and IEd are the electron affinity of the acceptor and the ionization energy of the
donor, respectively. Na and Nd are the respective effective densities of states. In organics, Na
and Nd are directly related to the density of molecules in the solid.[257] The electron density
in the acceptor is denoted as nan and the hole density on the donor as n
d
p. The product of the
latter two variables can be simplified introducing the effective photo-generated charge density
nph as
nph2 = nan ·ndp . (6.24)
Substituting Equations 6.22 to 6.24 into Equation 6.21, VOC can be written as
eVOC = Eeffg + kBT · ln
nph2
Na ·Nd (6.25)
with Eeffg = EA
a− IEd (6.26)
Comparing Equation 6.25 to Equation 6.20 for the BHJ case, the empirical variables can be
identified with
eV0 = Eeffg (6.27)
and





where c1 is a device-specific constant. The charge carrier density is related to the illumination
intensity through a power-law describing the recombination mechanism. This derivation is
completely analogous to conventional solar cell theory. The organic-specific identification of
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V0 with the effective gap of active materials (Equation 6.27) is a relation which will be utilized
in the further discussion of BHJ solar cells.





In the measurement shown above, b0 takes the value b0 = 55mV. This temperature depen-
dence of n might be interpreted as a transition between two recombination regimes, from trap-
assisted at low T towards bimolecular at higher T . However, from the classic interpretation of
n (section 2.5.7), it can only take values between 1 and 2, and the given interpretation is only
reasonable in the range
eb0
2kB
≤ T ≤ eb0
kB
, (6.30)
i. e. in this case
319K≤ T ≤ 618K . (6.31)
At temperatures below 319K, n gets larger than 2 and the discussed interpretation via Equa-
tions 6.16 and 6.29 renders invalid. Considering that at a given VOC and jSC, a higher n implies
a lower FF , the latter can be regarded as an indicator for a possible non-applicability of Equa-
tion 6.16. A very low FF might be related to a solar cell not following the classical diode
behavior.
Conclusion: In summary, a FHJ device is not suitable for the direct application of Equa-
tion 6.16 to the VOC(I,T ) characteristics, while a BHJ or hybrid bulk-flat heterojunction device
is well described by this model. If the discussion is reduced to the heterojunction and other
parts of the device do not have a major influence on V0, its value can be directly identified with
Eeffg . The influence of other parts and parameters of the device is investigated in the following
sections.
Accuracy: The accuracy of V0 is in the first place limited by the accuracy of the VOC mea-
surement (see section 3.3.1) of ∆VOC = 30mV. The limited accuracy of the temperature mea-
surement (see section 3.3.3) of ∆T = 5K adds another uncertainty, which can be converted
into an uncertainty of VOC through the VOC(T ) slope:
∆thermalV0 = ∆T · ∂VOC(T )∂T ≲ 10mV . (6.32)
Additionally, the statistical standard deviation from the linear extrapolation to 0K is regarded.
In the measurement above, it is less than 10mV, i. e. the overall accuracy is
∆V0 = 50mV . (6.33)
This value is valid for all following V0 measurements, only the contribution from the statistical
error in the VOC(T ) extrapolation is in some cases larger. It is, thus, stated along with the V0
values.
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6.3. BHJ stoichiometry variation
The influence of the mixing ratio of a BHJ on the VOC and energetics of the solar cell has
been investigated previously in several works, the resulting picture is, however, not homoge-
neous: In polymer solar cells, VOC is reported to decrease with increasing Fullerene content,
going along with a decrease of the charge-transfer energy ECT.[274] In a recent publication
on ZnPc:C60, the effective gap is reported to vary with varying mixing ratio,[275] while pre-
viously, in the closely related system CuPc:C60, the HOMO-LUMO gap has been observed to
stay constant, though the vacuum level is shifting upon changing stoichiometry.[276] At very
high Fullerene acceptor content, VOC is reported to be independent of the HOMO of the donor
for both polymers and small molecules.[195; 277]
6.3.1. VOC upon variation of stoichiometry and contact layer
In this section, a short review of some selected previous measurements∗ of VOC at RT is given,
to illustrate possible influences on VOC.
Basic p-i-i geometry: In a first set of samples,# the mixing ratio MR and the contact layer
between the BHJ and the transport materials are varied:
ITO
NDP9 (1nm)
p-Di-NPB (5wt-% NDP9, 60nm)
[ (p-)ZnPc (intrinsic or 5wt-%NDP9, 5nm) ]
ZnPc:C60 (MR, 27nm)




where the contact layers in brackets are optional. The MR takes the following values: 4:1,
3:1, 2:1, 1:1, 1:5, and 1:6.+ In the basic configuration (without the contact layers in brackets),
the blend is sandwiched in a p-i-i geometry using Di-NPB p-doped with NDP9 as HTL and a
C60-BPhen electron extraction contact. In this geometry, at a MR of 1:1 and lower C60 content,
VOC is approximately constant at (536±4)mV (average and standard deviation of 32 devices
on the same wafer). The trend can be followed in Figure 6.10a in the first row labeled “none”.
For high C60 content, VOC increases to (619.1±0.3)mV at 1:5 (six devices) and (631±5)mV
at 1:6 (eight devices).
Hole contact variation: The different influence of ETL, HTL, and the blend itself is sepa-
rated by introducing the additional contact layers between the blend and the transport layers
of the p-i-i stack. On the hole extraction side, this is shown with an additional ZnPc layer or
an additional p-ZnPc layer. The trends are shown in the second and third row in Figure 6.10a.
∗ data internally available at IAPP
# sample design by Steffen Runge (geb. Pfützner), IAPP
+ Slight deviations from these nominal MR values are expected due to inaccuracies of the used processing
parameters. They do not affect the qualitative discussion here.
194 PhD thesis Johannes Widmer
6.3. BHJ stoichiometry variation
a)
none         
ZnPc
 
        
p-ZnPc
 
        
ZnPc | C70
p-ZnPc | C70

















































































Figure 6.10.: VOC at RT for ZnPc:C60 BHJ solar cells with different mixing
ratios (columns) with different transport layer structures (rows).
Details about the stacks and interpretation are given in the text:
a) in paragraph “basic p-i-i geometry” on p. 194, b) in paragraph
“hole contact layer thickness variation” on p. 196.
* Samples which were manufactured in the corners of a wafer might
be affected by increased inaccuracy regarding layer thicknesses.
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With the additional ZnPc interlayer, the trend at varying MR is reversed and VOC is decreas-
ing from 545mV at low and intermediate C60 content to 450mV at high C60 content. With
a p-ZnPc layer, VOC is approximately constant with a minimum of 523mV at intermediate
concentrations and a slight increase by 10mV for lower, and by 20mV for higher C60 content.
Electron contact variation: Introducing an additional layer of C70 between the bulk hetero-
junction and the C60 layer, VOC is additionally reduced at low C60 concentrations, the data is
shown in the last two rows in Figure 6.10a.
Hole contact layer thickness variation: In a second set of samples,∗ a similar geometry
as with the additional contact layers is investigated, using C60 instead of C70. The result is a
hybrid bulk-flat heterojunction with varying donor thickness. It is incorporated in the following
n-i-p stack:
ITO




p-Di-NPB (5wt-% NDP9, 40nm)
NDP9 (2nm)
Al (100nm)
with dZnPc = (0 ..27)nm. The BHJ mixing ratio MR takes the following values: 1:4, 1:2,
1:1, 3:1, and 6:1. The picture from the previous set is roughly confirmed, as can be seen in
Figure 6.10b: Without the ZnPc interlayer (dZnPc = 0nm), again the highest VOC of 607mV is
measured for high C60 content. Increasing dZnPc to 5nm, the highest VOC is reduced down to
521mV in the 1:1 blend. With further increasing dZnPc, the maximum VOC is found in the 3:1
blend, increasing up to 558mV with dZnPc = 27nm. At higher C60 content, VOC is reduced to
410mV, at lower C60 content to 524mV.
Conclusion: As a conclusion from these measurement series, a clear trend of VOC upon vary-
ing the ZnPc:C60 blend ratio cannot be obtained. The layers contacting the BHJ have a strong
influence on the optimum blend ratio. The effects might partially be attributed to changes of
the optical field upon introducing additional layers. However, this field distribution affects in
the first place jph. VOC has only a weak logarithmic dependence on jph, and consequently the
variation cannot likely be completely attributed to the optical effects. The variations rather
indicate that the interfaces of the BHJ can have a major impact on VOC at RT . In consequence,
VOC at RT cannot be taken as a direct measure for Eeffg .
6.3.2. V0 upon stoichiometry variation
The effective gap Eeffg of a BHJ is expected to be independent of the MR, as long as the average
microscopic environment of the molecules is not strongly changed. Measuring V0 at varying
MR can, thus, give information about whether the correlation between V0 and Eeffg is equality
∗ sample design by Wolfgang Tress, IAPP
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Figure 6.11.: VOC measured at 217K and at 385K, and the extrapolated V0 for
different MR of a ZnPc:C60 BHJ. Each value for V0 is extrap-
olated from a series of temperatures between 217K and 385K.
Several symbols at the same MR indicate different devices with
the same mixing ratio, I is varying from device to device.
or whether other influences need to be obeyed. V0 measurements are performed on the first set
of samples in section 6.3.1.∗ Measurements at RT show that the VOC at low C60 content below
3:1 shows an increase, compared to the 2:1 blend which has the lowest VOC. V0 is determined
from VOC(I,T ) measurements, as discussed above in section 6.2.2.
At every MR, several devices are characterized with slightly varying I, consequently the
VOC values are scattering at T > 0K. All samples show linear VOC(T ) characteristics in the
measured range down to 180K and can be fitted with Equation 6.16 covering the measured I
range. In Figure 6.11, VOC(MR) is plotted at selected temperatures, along with V0(MR), which
is obtained by the VOC(I,T ) extrapolation at each MR separately.
The V0 values of all samples are in the range V avr0 = (1.077±0.036)V, without a resolvable
trend towards higher or lower MR. Considering the achieved accuracy ∆expV0 = 50mV (see
section 6.2.2), these values can be regarded as equal. The independence of V0 and MR indicates
that V0 in the given stack design is actually a value characterizing the donor-acceptor material
combination. The values obtained in the V0(MR) series can, thus, be regarded as several mea-
surements of the same measurand. They can be averaged to obtain a higher-accuracy result for
V0. The mean value and standard deviation of all measurement points is:
V0(ZnPc:C60) = (1.07±0.02)V . (6.34)
Identifying V0 with Eeffg , the ionization energy of ZnPc can be calculated according to Equa-
∗ The deviations from the nominal MR mentioned in the footnote on p. 194 are reflected in the exact positions
of the data points in Figure 6.11.
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TAPC content (V 0± standard deviation)/ V
weight-% volume ratio
TAPC:C60
10wt-% 1 : 6.63 1.36±0.03
5wt-% 1 : 14.0 1.41±0.02
1wt-% 1 : 72.9 1.42±0.03
0wt-% (1.7 ±0.1)*
Table 6.1.: V0 of TAPC:C60 solar cells with varying TAPC content in the BHJ.
The scatter indicates the range of values obtained from measuring
four nominally identical devices on the same sample.
* Non-conclusive result, details given in the text.
tion 6.26 with respect to EAC60 = 4.0eV as
IEZnPc = 5.07eV . (6.35)
This value is in excellent agreement with UPS measurements of ZnPc in the blend with C60.
∗
6.3.3. Low donor content stoichiometry
Extreme stoichiometries with very low donor content are measured in a series based on a
TAPC:C60 BHJ. This design has been reported to yield good solar cells.[195] The BHJ is




TAPC:C60 (MR , 50nm)
BPhen (8nm)
Al (100nm)
with MR values according to the first column in Table 6.1.
The samples are not stable upon T ≥ 360K and only the temperature range (190 ..340)K
is evaluated. I is varied from device to device, with the maximum intensity I1 being ap-
proximately double the minimum intensity. In all samples with TAPC, jSC at RT is above
2.5mA/cm2, in the C60-only device it is approximately 0.6mA/cm
2. The FF is above 50% in
the samples with 5% and 10% TAPC, but below 40% in the other samples. The data from the
high-TAPC-content devices can consequently be regarded as most reliable for the determina-
tion of V0.
The samples with TAPC show an intensity independent V0 value within the statistic accuracy
achieved in the linear extrapolation. The results are shown in Table 6.1. The obtained V0 values
∗ UPS measurement by Max Tietze, IAPP
# sample design in cooperation with Moritz Riede, IAPP
198 PhD thesis Johannes Widmer
6.3. BHJ stoichiometry variation
in the blend are compatible with a common mean value of
V0(TAPC:C60) = (1.39±0.05)V . (6.36)
They are slightly increasing for reduced TAPC content, however, considering the accuracy of
the measurement, this trend cannot be interpreted as significant for evaluation. Identifying V0
with Eeffg , the hole transport level of TAPC can be calculated with respect to EA
C60 = 4.0eV as
IETAPC = 5.39eV . (6.37)
The accuracy is estimated from the accuracy of the V0 measurement is estimated to 90meV (see
section 6.2.2) and the accuracy of EAC60 measured by IPES is given as 100meV [219]. They
sum up to an accuracy for IETAPC of approximately 190meV. The obtained IETAPC value is
lower than the value ETAPCHOMO =−5.8eV reported from UPS measurements.[237] The difference
might – at least partially – be attributed to the used substrate in the UPS measurement.
Exciton dissociation in neat C60: Even in the sample without the donor TAPC, a non-
negligible photo-current is observed. This indicates exciton splitting at the interface between
C60 and MoO3 or by intrinsic free charge carrier generation in C60. Regarding VOC(T ), the
scatter of the data is larger and the V0 determination renders not independent of I: The values of
V0 are found varying in a range from 1.66eV to 1.73eV. The observation that V0 tends towards
larger values compared to the blend with TAPC points towards a larger effective gap compared
to the effective gap of TAPC:C60. This observation indicates that the charge generation might
be facilitated in C60 only, because in the case of exciton separation at the interface between
C60 and MoO3, MoO3 would act as acceptor with an effective gap of 0.9eV or less [278], and
the voltage would be inverse.
The increase of V0 in the sample without TAPC gives rise to the supposition that the mech-
anism, which generates free charges at a higher voltage than without the presence of TAPC, is
also present in the devices with TAPC. It superposes the charge generation at the TAPC:C60
interface and leads to a slight increase of V0. The relative contribution of this mechanism is
larger for lower TAPC content. It might be the origin of the slight increase of V0 in the blend
devices at low TAPC content, if this trend turns out to be real in future measurements.
6.3.4. Conclusion from stoichiometry variation
VOC is strongly influenced by the MR as well as the interface between the bulk heterojunction
and the adjacent layers. The trend of VOC(MR) can be affected and even reversed using different
adjacent layers. VOC measurements at RT can, thus, not be used as a reliable measure to
directly deduce properties of the bulk heterojunction, or even to make quantitative comparisons
between material combinations. VOC at RT should rather be interpreted including the interfaces
between the bulk heterojunction and the adjacent layers.
For V0, in contrast, no variation is resolved when varying the stoichiometry of ZnPc:C60 in
moderate ranges. Consequently, V0 can be regarded as independent of MR and the effective
gap is staying constant or changing by less than 50meV upon stoichiometry variation. In
TAPC:C60, at very low donor concentration of few percent, a slight increase of V0 might be
observable, which is, however, at the resolution limit of this experiment.
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Table 6.2.: V0 of ZnPc:C60 solar cells with different HTMs and the IEs of the
HTMs. The standard deviation for V0 is obtained from the linear
fit of VOC(T ).
6.4. Transport material variation
The influence of the hole and electron transport materials in doped transport layers on V0 is
investigated in two series of measurements, one varying the HTM, and one varying the ETM.
6.4.1. HTM variation
The device stack for this series is based on a hybrid ZnPc:C60 heterojunction in a p-i-n geom-






n-C60 (5wt-% AOB, 10nm)
Al (100nm)
with the following materials used as HTM: ZnPc, MeO-TPD, NPB, and BPAPF. BPAPF is
p-doped with 5wt-% NDP9, the other HTMs with 5wt-% F6-TCNNQ. The IEs of the HTMs
as determined by UPS are listed in Table 6.2. For MeO-TPD and ZnPc, the extraction of
holes is barrier-free. NPB and BPAPF, in contrast, induce a barrier of 330meV and 630meV,
respectively.
From VOC(T ) measurements, V0 is obtained as listed in the last column of Table 6.2. Within
the achieved accuracy, it is constant in all devices and in agreement with the results from the
MR variation in section 6.3.2.
It is concluded that V0 is not influenced by a doped HTM with a similar or higher IE
than the donor, although other solar cell parameters like fill factor and efficiency might vary
substantially.[31] The invariance of V0 is in agreement with the VOC model: The QFL splitting
is determined within the BHJ, and in the open-circuit case, where j = 0, the potential drop at
the transport layers is negligible.
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ETM (V 0± standard deviation)/V reference
C60 1.08±0.02 section 6.1.1.5
NTCDA 1.04±0.03
HATNA-F6 1.02±0.03
C60 | BPhen * 0.9 section 6.1.1
Table 6.3.: The V0 values of ZnPc:C60 BHJ solar cells with varying ETMs.
The results from several sections are compiled and compared.
* p-i-i device structure, all others are p-i-n; measurement without statis-
tical evaluation
6.4.2. ETM variation









The devices are characterized in a VOC(I,T ) measurement in the T range from 230K to 330K
and at four different intensities with the highest I = I1 and the lowest approximately half of
this value.
In the first sample, the n-doped ETM layer is realized by NTCDA n-doped with 6wt-%
W2(hpp)4. All V0 values are within (1.04± 0.01)eV with a standard deviation of 0.02eV
each, i. e. the result can be summarized as V0 = (1.04± 0.03)eV. In the second sample, the
ETM layer is realized by HATNA-F6 n-doped with 7wt-% of the same dopant W2(hpp)4. The
obtained averaged value from the extrapolation is slightly lower yielding V0 =(1.02±0.03)eV.
These values are lower by 30meV respectively 50meV, compared to the value obtained
above for ZnPc:C60 (see Equation 6.34). Regarding the expected accuracy of 50meV, the
values are in good agreement. An exception is the device in p-i-i geometry with a C60-BPhen
contact at the cathode. In this geometry, the non-doped contact seems to have an influence on
V0. This difference might originate from the WF of the metal contact: Without doping, the
level bending might be incomplete and the Fermi levels are not independent of the metal WF ,
i. e. the QFL splitting is not solely governed by the BHJ. In Table 6.3, an overview is given and
compared to the values from the previous sections. In agreement with the conclusion from the
HTM variation in the previous section, this finding indicates that the ETL material selection
does not have a resolvable influence on V0.
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6.5. Donor:acceptor material variation
The influence of Eeffg on V0 is investigated in a series of solar cells with different donor and
acceptor materials.
6.5.1. Donor variation
A series of organic solar cells with different donor materials representing a broad variety of
families of molecules used in small molecular organic solar cells is characterized. The donor
molecules CuPc, MeO-TPD, ZnPc, P4-Ph4-DIP, Ph2-benz-Bodipy, NPB, DCV-5T-Bu2244,
F4-ZnPc, and BPAPF are incorporated in a variety of device structures, all in combination




p-CuPc (5wt-% F6-TCNNQ, 20nm)
CuPc:C60 (1:1, 20nm)
C60 (20nm)











two n-i-p devices with different bulk heterojunction thicknesses:
ITO
n-C60 (4wt-% W2(hpp)4, 5nm)
C60 (9nm)
F4-ZnPc:C60 (1:0.9, 55nm and 65nm)
Di-NPB (10nm)
p-Di-NPB (5wt-% NDP9, 30nm)
NDP9 (1nm)
Al (100nm)
∗ sample by Hannah Ziehlke, IAPP
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and one p-i-n device:
ITO
F6-TCNNQ (1nm)
F4-ZnPc (5wt-% F6-TCNNQ, 20nm)
F4-ZnPc:C60 (1:1, 20nm)
C60 (20nm)
n-C60 (3wt-% W2(hpp)4, 20nm)
Al (100nm)
MeO-TPD
two devices with different HTMs, one is MeO-TPD doped with F6-TCNNQ and one
is BPAPF doped with NDP9:
ITO
dopant (1nm)




n-C60 (5wt-% AOB, 10nm)
Al (100nm)




Ph2-Benz-Bodipy:C60 (1:1, 20nm, Tsub = 95°C)
Ph2-Benz-Bodipy (5nm, Tsub = 95°C)
BPAPF (5nm)
p-BPAPF (10wt-% NDP9, 5nm)
p-Di-NPB (5wt-% NDP9, 15nm)






p-P4-Ph4-DIP (5wt-% NDP9, 20nm)
P4-Ph4-DIP:C60 (1:1, 20nm)
C60 (20nm)
n-C60 (3wt-% W2(hpp)4, 20nm)
Al (100nm)
∗ sample by Toni Müller, IAPP
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p-NPB (5wt-% NDP9, 20nm)
NPB:C60 (1:1, 20nm)
C60 (20nm)
n-C60 (3wt-% W2(hpp)4, 20nm)
Al (100nm)
All devices are characterized in VOC(I,T ) measurements. The resulting V0 values are shown
in Figure 6.12 along with the values for ZnPc from the previous sections. They are plotted as
circles as a function of the corresponding Eeffg . E
eff
g is calculated as the difference between the
IE of the donor measured by UPS∗ and the EA of C60 (EA
C60 = 4.0eV). eV0 and Eeffg show
good agreement within the achieved accuracy.
6.5.2. Acceptor variation
Analogously to the donor variation, the acceptor material is varied in a series of samples and
characterized with respect to VOC(I,T ). Additionally to C60, which was discussed above, C70
and the ETMs HATNA-F6, and NTCDA are investigated as acceptor materials. In all cases,
ZnPc is used as donor in a bulk heterojunction. The stacks are as follows:
C70
two devices, one of them with an intrinsic BPhen layer at the cathode:
ITO
NDP9 (1nm)
p-Di-NPB (5wt-% NDP9, 60nm)
ZnPc:C70 (1:2, 30nm)
C70 (20nm)









n-NTCDA (6wt-% W2(hpp)4, 35nm)
Al (100nm)
∗ UPS measurements by Max Tietze, IAPP
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Figure 6.12.: Extrapolated V0 of several donor:acceptor material systems (cir-
cles) compared to their VOC at RT (triangles). Both voltages
are plotted as functions of the corresponding effective gaps
Eeffg = EA
a− IEd. All V0 measurement points are within the ex-
perimental error from the identity relation eV0 = Eeffg (line). The
error bars for Eeffg reflect the accuracy of the IE determination
via UPS. The error bars for V0 include the standard deviation of
the extrapolation and the accuracy of the VOC(T ) measurement.
The VOC values, in contrast, do not show a clear correspondence
to Eeffg , only a rough trend of VOC getting larger for larger E
eff
g
can be obtained. A direct comparison of two devices might fail
– even regarding the trend – as can be observed e. g. comparing
MeO-TPD and ZnPc, or Ph2-benz-Bodipy and NPB, or DCV-
5T-Bu2244 and P4-Ph4-DIP.
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acceptor (V 0± standard deviation)/V
C60 1.07±0.05
C70 1.01±0.02
C70 with BPhen 1.08±0.02
HATNA-F6 0.97±0.02
NTCDA 0.53±0.02*
Table 6.4.: The V0 values of BHJ solar cells with ZnPc as donor and varying
acceptor material.

















n-NTCDA (6wt-% W2(hpp)4, 35nm)
Al (100nm)
The resulting V0 values are listed in Table 6.4. Similar to the findings in section 6.4.2, the p-i-i
device with BPhen at the electron extraction contact shows a deviation from the p-i-n device,
where the contact between metal cathode and organic material is facilitated by means of an
n-doped organic layer.
Regarding the p-i-n devices with C60 and C70 as acceptors, the difference in EA, which is
expected to be 50meV (see section 3.1), is well resolved in the V0 measurement. The devices
with the non-fullerene acceptors have very low jSC and FF , as is shown in the j-V charac-
teristics in Figure 6.13. In the NTCDA sample, jSC is approximately one order of magnitude
smaller compared to C60 as acceptor, and by nearly another order of magnitude in the HATNA-
F6 sample. In both samples, the VOC(T ) characteristics are only linear below 330K. Above
this value, VOC shows negative deviations from the linear behavior in NTCDA and positive de-
viations in HATNA-F6. The fit to obtain V0 is, thus, limited to T ≤ 330K, yielding the values
listed in Table 6.4.
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Figure 6.13.: j-V (T ) curves of BHJ devices comprising the acceptor materials
a) NTCDA and b) HATNA-F6. The legend is valid for both
graphs.
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In the sample with NTCDA, the FF is approximately 20%, independent of T , and going
along with a poor blocking behavior in reverse direction. The j-V characteristics show strong
deviations from the ideal diode behavior and an interpretation with Equation 6.16 is question-
able. Identifying V0 with Eeffg allows for the determination of the EA. With IE
ZnPc = 5.07eV,
the resulting value for NTCDA is
EANTCDA = (4.54±0.07)eV . (6.38)
The doubt about the validity of this result is confirmed by the comparison to IPES measure-
ments yielding a substantially lower value of EA = (4.0± 0.5)eV [234], though with a large
uncertainty which makes it in principle compatible with the value obtained from V0. For val-
idation of the value, a complementary V0 measurement in a different device geometry (e. g.
n-i-p) or with a different donor would be required, or an IPES measurement with higher
accuracy.[219]
In HATNA-F6, in contrast, the j-V curves show a slightly higher FF of approximately 30%
along with a clearly better rectifying behavior at small V , i. e. Equation 6.16 might be valid.
The obtained value for the electron affinity EA=(4.10±0.07)eV is only slightly larger than for
C60 and C70. The current density, however, is much smaller than in fullerene-based solar cells,
indicating that the exciton separation efficiency respectively the electron transport in the blend
are worse. The IE of HATNA-F6 measured by UPS is 7.72eV∗, the optical gap 2.9eV#. Based
on the value obtained for the EA, the exciton binding energy can be calculated as the difference
between the optical gap and the electrical gap IE−EA = 3.62eV. It results in ∆E = 0.72eV,
which is large compared to other organic semiconductors, though in the typical range for this
material class.+ In conclusion, the obtained value for the EA of HATNA-F6 seems reasonable:
EAHATNA-F6 = 4.10eV . (6.39)
The accuracy of V0 is in this case estimated as 110meV, according to section 6.2.2. With
the accuracy for IEZnPc of 50meV (section 3.3.4), the overall accuracy of this EA value is
approximately 160meV.
6.6. Conclusion
A linear VOC(T ) dependence in the range down to 180K is found for a number of organic solar
cells based on a large variety of donor:acceptor material combinations. Relating temperature
and illumination intensity dependent measurements, a qualitative difference is found between
FHJ devices and BHJ devices: The diode generation-recombination equilibrium model as used
for the evaluation of VOC(I,T ) data




∗ measurement by Max Tietze, IAPP
# measurement by Franz Selzer, IAPP
+ HATNA-Cl6: Eoptg = 2.7eV,1 IE−EA = 7.54eV−4.07eV = 3.47eV,2 ⇒ ∆E = 0.77eV
HATNA-F12: Eoptg = 2.8eV,3 IE−EA = 7.76eV−3.75eV = 4.01eV,2 ⇒ ∆E = 1.21eV
1 data available internally at IAPP; 2 IE and EA values taken from [229]; 3 measurement by Franz Selzer, IAPP
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is valid in the BHJ case, but not in the FHJ case. Hybrid flat-bulk heterojunction devices show
a behavior which is compatible with Equation 6.40 and can be evaluated the same way as BHJ
devices.
The extrapolation of VOC(T ) to 0K yields a value for the theoretical upper limit of VOC,
which is denoted as V0. In p-i-n devices, this value is found to be independent of the mixing
ratio of donor and acceptor and of the electron and hole transport material in doped transport
layers. It is a direct property of the donor:acceptor material combination. In non-p-i-n devices,
this attribution might not be valid: devices with BPhen instead of an n-doped material as
electron extraction layer showed deviating values for the same donor:acceptor combination.
Comparing V0 to the effective gap Eeffg of a large number of donor:acceptor material com-
binations, an identity relation is found with a precision of 50meV. This finding is a resilient
indicator for the general validity of
V0 = Eeffg (6.41)
in p-i-n type BHJ organic solar cells. This relation is applied to determine the IE of the donor
TAPC
IETAPC = 5.39eV (6.42)
and the EA of the electron transport materials NTCDA
EANTCDA ≈ 4.54eV (6.43)
and HATNA-F6
EAHATNA-F6 = 4.10eV . (6.44)
The value for EANTCDA is affected by an uncertainty about the validity of the measurement and
should be regarded as preliminary value at the current state (see section 6.5.2). The accuracies
of the other two values are estimated as 190meV for IETAPC and 160meV for EAHATNA-F6.
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7.1. Summary
In this thesis, two characterization approaches for organic semiconductors are developed and
refined: “potential mapping” (POEM) to measure the charge carrier mobility µ , and the temper-
ature dependent open-circuit voltage extrapolation to 0 K in order to determine the ionization
energy IE or the electron affinity EA of an organic semiconductor. Both methods are applied to
a number of materials, investigating among others the charge transport in neat and blend layers
and the frontier energy levels of absorber and transport materials for photovoltaics.
Novel mobility measurement technique
“Potential mapping” (POEM) is a novel evaluation technique for space-charge limited current
(SCLC) measurements. In single carrier devices, the mobility of electrons and holes can be
determined separately. The effective mobility µ(F,n) is directly determined as a function of
the electric field strength F and the charge carrier density n.
A major advantage compared to conventional SCLC evaluation strategies and most other
mobility measurement methods for organic semiconductors is that the evaluation is model-free
with respect to the mobility function. Hence, it is not required to fit a given mobility model or
a simulation result which is based on a given mobility model to the measurement data. Addi-
tionally, the measurement is independent of a possible energetic barrier at the injection contact.
Furthermore, the obtained µ represents the effective mobility, i. e. the average mobility of all
charges at a given F and n, irrespectively of them being trapped or free. In energetically disor-
dered materials, the differentiation between trapped and free charge carriers is often arbitrary
or impossible. In this case, the direct measurement of the effective mobility is an advantage
regarding interpretation and usability of the result.
Mobility measurement results
The charge carrier mobility in various material systems is characterized by POEM. The mea-
surements cover neat layers as well as donor:acceptor blend layers which are the key com-
ponent of organic solar cells. In all materials, a pronounced field activation of the mobility
is observed. A comprehensive quantitative overview over all transport results is provided in
Table 5.2 and Figures 5.48f on pages 163ff .
One focus is on a blend of zinc-phthalocyanine (ZnPc) and the fullerene C60, where both
hole and electron mobility are measured, including temperature T dependent measurements
of the hole mobility. The charge density dependence is more difficult to resolve than the field
dependence. It is only successfully reconstructed in one measurement series. All parameters
– F , n, and T – have a positive correlation with µ . A variation of the mixing ratio shows an
improvement of the hole mobility in the blend for increasing ZnPc content. This increase is
211
7. Summary and outlook
stronger than the relative increase of ZnPc volume, i. e. morphology and percolation addition-
ally impede hole transport when blending ZnPc with C60. Strong indicators are found that the
hole transport in the blend takes place not only on ZnPc, but is also effectively supported by
the C60 phase.
Solar cell characterization
Temperature dependent measurements of organic solar cells reveal limiting mechanisms for the
efficiency: The comparison of short-circuit current density jSC and exciton diffusion length
ℓexc as functions of T yields strong indicators that in a ZnPc:C60 blend, exciton diffusion is
actually a limiting mechanism for the photo-current generation.
The open-circuit voltage VOC(T ) has a linear T dependence increasing for lower tempera-
tures in the whole measured range down to 180K. According to the theory of ideal devices,
the extrapolated value at zero temperature VOC(0K) is independent of the illumination intensity
and describes the effective energy gap between donor and acceptor. This relation is experimen-
tally confirmed with an accuracy of 50mV for bulk heterojunction (BHJ) devices with doped
transport layers in a p-i-n geometry. By varying different parts of the solar cell stack, VOC(0K)
is shown to be independent of an extraction barrier and of variations of the donor:acceptor
mixing ratio in a moderate range. The latter is remarkable, because VOC at room temperature
is strongly affected by the mixing ratio.
Frontier energy level measurement
Consequently, temperature dependent VOC measurements can be used to determine the IE of
a donor or the EA of an acceptor material in a BHJ, if the respective complementary value is
known. This measurement is especially interesting for determining the EA of acceptor materi-
als, because this value is more difficult to measure by other methods with high accuracy. The
measurement is performed on several materials: The donor material TAPC is found to have
an IE of 5.4eV. The electron transport materials NTCDA and HATNA-F6 are characterized
in a photo-active BHJ with ZnPc. For NTCDA, a preliminary EA value of 4.5eV is obtained,
though it requires further confirmation before relying on it. The measurement of HATNA-F6
is more reliable yielding an EA of 4.1eV.
7.2. Outlook
The transport measurements by POEM have the potential to become a significant source for
mobility data in organic semiconductors and possibly also other materials. They are comple-
mented by the open-circuit voltage measurements to characterize the relevant energy levels.
During the work on this thesis, a number of new possibilities for future research were opened
and a number of questions were raised. A selection is named in the following.
An improvement in the implementation of POEM is required with respect to the charge
carrier density dependence of the mobility. In theory, the evaluation is well capable to obtain
it, but the experimental data was in most cases not smooth enough to actually resolve it. The
scattering of measurement data can probably be attributed to an inhomogeneous distribution of
material on a wafer during manufacturing, limiting the accurate reproducibility of the injection
212 PhD thesis Johannes Widmer
7.2. Outlook
contact. If these deviations can be compensated, the resolution of the mobility measurement
will be substantially improved. Possible starting points are an improvement of the deposition
homogeneity for neat, mixed, and doped layers, a high-accuracy measurement routine for film
thicknesses, or the optimization of m-i-m devices to avoid the influence from variations in the
doping concentration.
To extend the applicability of POEM, its usability for other device and material classes should
be tested. On the device side, especially different device geometries are interesting. A lateral
channel geometry, would e. g. allow for transport characterization parallel to the sample sur-
face. On the material side, polymeric organic semiconductors are a likely first step, but it
might also be possible to characterize inorganic semiconductors. For measurements in vertical
device geometry, the thickness variation is probably only feasible for materials which can be
deposited in thin-film coating processes, where the thickness can be easily varied.
Applying the discussed methods, the influence of substrate heating during deposition of
donor:acceptor blend layers might be an interesting subject for further research. The increased
substrate temperature is often reported to improve the device performance of the resulting solar
cells. POEM measurements will allow to characterize the influence of heating on the transport
properties, which is mainly related to the fill factor and output current of solar cells. Temper-
ature dependent measurements of the open-circuit voltage, in turn, give information about the
influence on the effective gap, which helps to identify possible voltage losses. Understanding
the origin of these improvements supports the future development of advanced materials and
devices.
Regarding the materials used in this thesis, the highly diluted systems with ≈ 5% donor
might be one of the most interesting topics for further research. Temperature dependent mo-
bility measurements in combination with numeric simulations might give information about
the microscopic mechanisms underlying hole transport, whether e. g. hopping or tunneling are
dominating.
The origin of the reproducible current peak in the j-V characteristics of F4-TCNQ doped
ZnPc injection layers might be investigated in e. g. transient current measurements, thermally
stimulated current measurements, or impedance spectroscopy measurements. If the signal
turns out to be directly related to the doping mechanism, they might give further insight into
the fundamentals of molecular doping.
Another central question which remains open is the reason for the different behavior of
flat-heterojunction and bulk-heterojunction solar cells with respect to their open-circuit volt-
age upon simultaneously varying temperature and illumination intensity. This issue might be
investigated in a combined experimental and theoretical approach with a focus on the recom-
bination dynamics at the interface and in the blend. Device simulations might be capable of
correctly describing the behavior of both types of devices if all relevant material properties
are available including their temperature dependencies. Temperature dependent POEM mea-
surements open the path for fully parametrized mobility functions, which are – along with a
correct description of exciton diffusion and accurate values for the energy levels, which can be
obtained from VOC(T ) measurements – key parameters required for the calculations.
On the long run, combining accurate measurement techniques and device simulations will
help to better understand physical processes and complete devices. The models can be used to
predict the performance of devices and, thus, allow for efficient development and tailoring of
highly efficient materials and devices for specific applications.





A.1. Energy pay-back of this thesis
I hope that this thesis is one building block in the development of large-scale
application of organic photovoltaics in the framework of a sustainable energy
supply. While it is common to calculate the energy balance of a device or
module, given the technology is readily available, this estimation aims at fig-
uring out what is required to justify the energetic effort put into generating
these results. As basis for the calculation, I need to rely on some statistics
about my own work and a number of – hopefully educated – guesses and
estimations, complemented by values found in online sources. This calcula-
tion should not be regarded as scientifically profound, but as an illustrative
estimate inspiring further refinement.
Expected energy generation
The following set of input parameters contains a number of assumptions about the solar cells
to be produced in future. From the current state of technology, they appear realistic, and I hope
they will turn out pessimistic.
Normal solar irradiation (AM1.5): [209] psun = 1000W/m2
Sun hours per year (Saxony (Germany), 39° tilt):∗ fa = 1100h/a
Effective efficiency of an OPV module: [20] η = 10%
Lifetime of an OPV module: [279] tOPV = 10a
Energy pay-back time of an OPV module: [24] tep ≈ 5MJ/Wp / fa ≈ 1.3a




 · fa · psun ·η (A.1)
= 8.7a ·1100h/a ·1000W/m2 ·10% (A.2)
= 957kWh/m2 , (A.3)






The estimation of energy required for this thesis covers two main contributions: The energy
demand of the used labs and offices, and the traveling which is mainly to conferences etc.. The
former contribution is calculated based on the energy consumption of TU Dresden (TUD):
[280]
Duration of the work on the thesis: tthesis = 4a
Energy consumption TUD: electricity: Pe = 42GWh/a
others:∗ Pm = 63GWh/a
Number of employees TUD excl. students: Nempl = 7500




· tthesis ≈ 56MWh . (A.4)
The energy demand for traveling is estimated from the CO2 emissions, based on some statis-
tics about my thesis and complementary external data:
Traveling by train:# mtrain = 906kg CO2
Traveling by airplane:+ mplane = 7460kg CO2
Railways use approximately 50% energy from sources without or with low CO2 emissions,
o
i. e. the value of mtrain reflects only half of the energy actually used for train transport. For
simplicity, this factor is considered by doubling the CO2 emissions from railway journeys:
The traveling emissions sum up to mCO2 = 2mtrain +mplane = 9272kg CO2. With a molar mass
of 44g/mol CO2:
NCO2 = 211kmol CO2 . (A.5)
These CO2 emissions can be compensated by the production of “renewable methane” through
power-to-gas: Electric input power is used for the electrolysis of water to produce hydrogen.
In a Sabatier reaction
CO2 +4H2 −→ CH4 +2H2O (A.6)
the hydrogen is converted into methane, which is again available as fuel. For the reaction of
1mol CO2, 4mol H2 are required.
∗∗ The electrolytic production of 1mol H2 requires
##
∆H = 286kJ/mol (A.7)
∗ gas, oil, heating; in this calculation assumed to be replaced by electric heating
# calculated at routerank.com
+ calculated at atmosfair.de
o www.deutschebahn.com/de/nachhaltigkeit/oekologie/klimaschutz/Erneuerbare_Energien/4097124/db_un_
erneuerbare_energien.html
∗∗ This reaction is exothermic, however, the output energy is neglected because it might be required to keep the
reaction temperature high enough.
## Wikipedia: Electrolysis of water
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A.1. Energy pay-back of this thesis
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Figure A.1.: Relative contributions to the energy demand.
and the efficiency of the whole power-to-gas process is∗
ηptg ≈ 50% . (A.8)




= 134MWh . (A.9)
The overall energy demand sums up to
Wthesis =WTUD +Wtravel = 190MWh . (A.10)
The relative share of the different contributions is visualized in Figure A.1.
Conclusion





OPV modules which are installed for energy production. A roll-to-roll production facility
which produces modules with a width of w = 30cm at a speed of v = 30cm/min needs to run
tprod =
A
w · v ≈ 37h (A.12)
to produce the required device area.
Critical review and outlook
These numbers are a rough estimate and certainly need to be refined for reliable results. During
the calculations, I was wondering how much externalized energy consumption and greenhouse
gas emissions might have been neglected. One point, where another relevant contribution is
∗ Wikipedia: Power to gas
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expected, are the electronics and the vacuum tools consisting of quite a large amount of steel.
When manufacturing all these components, greenhouse gases are emitted, e. g. the CO2 emis-
sions during the reduction of iron via carbon, or the emissions from the production plants and
mining industry for producing the electronic equipment. These aspects should be considered
in a refinement of this calculation, keeping in mind that their contribution must be divided
by the number of scientific projects relying on the respective equipment. The calculations for
transport, in contrast, might be pessimistic, because the actually used fuels have most probably
higher specific CO2 emissions than methane. Another interesting question is the fate of the
OPV modules after their lifetime: Will the carbon footprint be increased (disposal) or reduced
(recycling)?
The next relevant figure is the amount of scientific work – including among others the num-
ber of PhD theses – and technical effort required to establish OPV. When will OPV make a net
contribution to the world energy supply?
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A.2. Tables and registers
A.2.1. Material suppliers
key supplier
ABCR ABCR, Karlsruhe, Germany
BASF BASF, Ludwigshafen, Germany
Bucky Bucky USA, Houston, Texas, USA
Chempur Chempur, Piekary S´la˛skie, Poland
CreaPhys CreaPhys, Dresden, Germany
Dynic Dynic, Hong Kong
Iolitec Ionic Liquids Technologie, Heilbronn, Germany
Lesker Kurt J. Lesker Company, Hastings, UK
Lumtec Lumtec, Hsin-Chu, Taiwan
Nagase Nagase ChemteX, Hyogo, Japan
Novaled Novaled, Dresden, Germany
Sensient Sensient, Milwaukee, Wisconsin, USA
Sigma Sigma Aldrich, Munich, Germany
SolarLight Solar Light, Glenside, Pennsylvania, USA
Synthon Synthon Chemicals, Wolfen, Germany
TCI TCI Europe, Zwijndrecht, Belgium
TFD Thin Film Devices, Anaheim, California, USA
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C1 .. C4 contact 1 .. contact 4
CB conduction band
CT charge transfer state
D1 .. D4 device 1 .. device 4
DC direct current
DOS density of states
ETL electron transport layer
ETM electron transport material
FHJ flat heterojunction (= PHJ)
HOMO highest occupied molecular orbital
HTL hole transport layer
HTM hole transport material
IAPP Institut für Angewandte Photophysik
IPES inverse photo electron spectroscopy
IR infrared
IS impedance spectroscopy
lN2 liquid nitrogen (N2)
LUMO lowest unoccupied molecular orbital
m-i-m metal - intrinsic - metal
m-p-m metal - p-doped - metal
MPP maximum power point
n-i-n n-doped - intrinsic - n-doped
n-i-p n-doped - intrinsic - p-doped
OC open circuit
OLED organic light emitting diode
cont.
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OPV organic photovoltaic(s)
OSC organic solar cell
PCE power conversion efficiency
PHJ planar heterojunction (= FHJ)
PID proportional-integral-derivative
p-i-m p-doped - intrinsic - metal
p-i-n p-doped - intrinsic - n-doped
p-i-p p-doped - intrinsic - p-doped
POEM potential mapping (by thickness variation)
PV photovoltaic(s)
QCM quartz crystal micro balance
SC short circuit
SCD single carrier device
SCLC space-charge limited current
SMU source-measure-unit
SRC standard reporting conditions
TCLC trap-charge limited current
TSC thermally stimulated current
UHV ultra high vacuum
UPS UV photo electron spectroscopy
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A.2.3. Physical constants
Symbol Value Name
a 3.15570 ·107 s one year
c 2.99792 ·108 m/s speed of light
e 1.60218 ·10−19 C elementary charge
h 4.13567 ·10−15 eV · s Planck constant
kB 8.61734 ·10−5 eV/K Boltzmann constant
NA 6.02214 ·1023 mol−1 Avogadro number
ε0 8.85419 ·10−12 F/m vacuum permittivity
A.2.4. Physical symbols
Symbol Unit Description
A cm2 device area
d nm layer thickness
da nm layer thickness of acceptor layer
deff nm effective layer thickness
di nm layer thickness of intrinsic layer
dnom nm nominal layer thickness
dopt nm optically measured layer thickness
d0 nm layer thickness correction offset
D cm2/s diffusion coefficient
DOS cm−3 effective density of states
DOS(E) (eVcm3)−1 density of states
E eV energy
EA eV electron affinity
EAa eV electron affinity of acceptor
EB eV exciton binding energy
ECT eV energy of charge transfer state
EF eV Fermi energy
cont.
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Symbol Unit Description
EaF eV Fermi energy on acceptor
EdF eV Fermi energy on donor
Eg eV energy gap
Eeffg eV effective gap of a heterojunction
Eelg eV electrical gap
Eoptg eV optical gap
EHOMO, ELUMO eV HOMO, LUMO energy
EQE external quantum efficiency
EQE(λ ) spectrally resolved external quantum efficiency
EqF eV quasi-Fermi level
EaqF eV quasi-Fermi level of electrons on acceptor
EdqF eV quasi-Fermi level of holes on donor
EnqF, E
p
qF eV quasi-Fermi level of electrons, holes
Et eV trap depth
Eth eV thermal activation energy
Ex eV exciton energy
Eγ eV photon energy
F V/cm electric field
FBI V/cm built-in electric field
Fext V/cm external electric field
FF % fill factor
FOFET V/cm electric field in OFET measurement
G s−1cm−2 charge generation rate
I A electric current
I mW/cm2 illumination intensity
Icalib A calibrated current of reference photo-sensor at AM1.5
ISC A short-circuit current
ISD A source-drain current in OFET measurement
IE eV ionization energy
cont.
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Symbol Unit Description
IEd eV ionization energy of donor
IQE internal quantum efficiency
I0 A reverse saturation current
I1 mW/cm2 normal illumination intensity
j mA/cm2 electric current density
jdiff mA/cm2 diffusion current density
jdrift mA/cm2 drift current density
jmax mA/cm2 compliance of the current density measurement
jph mA/cm2 photo current density
jS mA/cm2 reverse saturation current density of a diode
jSC mA/cm2 short-circuit current density
k s−1 cm−2 rate for generation/recombination per device area
k s−1 cm−3 rate for generation/recombination per volume
L µm channel length of an OFET
ℓexc nm exciton diffusion length
λr eV reorganization energy
m∗ g effective mass of a charge carrier
MD, MM g/mol molar mass of dopant, matrix material
MM spectral mismatch factor
MR mixing ratio of a blend layer
n diode ideality factor
n cm−3 charge carrier density
n ′ cm−3 gradient of charge carrier density
n cm−3 average charge carrier density
nb cm−3 background charge carrier density
ni cm−3 intrinisc charge carrier density
nnet, nnorm cm−3 net, normalized charge carrier density
nOFET cm−3 charge carrier density in OFET measurement
np, nn, nx cm−3 hole, electron, and exciton density
cont.
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Symbol Unit Description
nph cm−3 effective photo-generated charge carrier density
nt, Nt cm−3 density of charged traps, density of traps
N cm−3 (effective) electrical density of states
Na cm−3 electrical density of states in acceptor
Nd cm−3 electrical density of states in donor
O O-Factor
p mW/cm2 power per device area
pel mW/cm2 electric output power per device area
pMPP mW/cm2 electric output power per device area at MPP
q mW/(cmK) heat conductivity
Q e electric charge
r, r nm distance, average distance between hopping sites
R s−1cm−2 recombination rate
R Ω resistance, shunt resistance
RS, RP Ωcm2 series resistance, parallel resistance (per area)
RT K room temperature (approximately 294K)
teff, tnom effective, nominal transmittance of a filter
T K temperature
Teff K effective temperature
Tsample, Tset, Tsub K sample, setpoint, substrate temperature
v cm/s velocity
V V electric voltage
VBB V work function difference at an interface
VBI V built-in voltage
Vbias V bias voltage
Vextr, Vinj V voltage drop over extraction, injection zone
Vintr V voltage drop over intrinsic layer
V0 V open-circuit voltage linearly extrapolated to 0K
VOC V open-circuit voltage
cont.
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Symbol Unit Description
W , WF eV work function of a metal
W µm channel width of an OFET
x, y, z m spatial coordinates
α cm−1 absorption coefficient
β e

cm/V pre-factor of the electric field in Poole-Frenkel type mobility
γ

cm/V pre-factor of the electric field in a field activated mobility
γ nm−1 measure for the border shape of a wave function
δ exponent for charge density dependence
∆E eV energetic distance between sites
∆E eV LUMO-LUMO resp. HOMO-HOMO offset
∆PF eV thermal activation energy in Poole-Frenkel model
∆r nm standard deviation of a Gaussian spatial distribution
∆x nm discretization step width
∆xextr nm thickness of extraction zone




∆Φ eV barrier lowering
∆Φ eV potential offset
∆Φextr eV potential drop in extraction zone
∆Φinj eV potential drop in injection zone
∆0 eV thermal activation energy of mobility
εr relative permittivity
η % efficiency
ηdiss % exciton dissociation efficiency
ηdop % doping efficiency
ηsep % charge transfer state separation efficiency
cont.
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Symbol Unit Description
Θ ratio of free and trapped charges
λ nm wavelength
µ , µn, µp cm2/(Vs) mobility, electron mobility, hole mobility, exciton mobility
µnet, µnorm cm2/(Vs) net mobility, normalized mobility
µ0, µ∞ cm2/(Vs) model-specific pre-factors of mobility
ρ g/cm3 mass density
σ (Ωcm)−1 specific conductivity
σˆ σE/(kBT )
σE eV standard deviation of a Gaussian energy distribution
Σ normalized standard deviation of a Gaussian spatial disorder
τexc s exciton lifetime
Φ V electric potential
ΦB V injection barrier
ΦI V image charge potential
Φinj eV injection barrier height
max(a,b) math. function the larger of a and b
min(a,b) math. function the smaller of a and b
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